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ABSTRAa 


A new water vapor and arbon dioxide sorbent material (designated "HS-C"^ 
has been developed for potential application to the Space Shuttle and tested 
at full scale. Capacities of two percent for carbon dioxide and four percent 
for water vapor were achieved using Space Shuttle cabin adsorption conditions 
and a space vacuum for desorption. Performance testing showed that water 
vapor can be controlled by varying the air process flow, while maintaining 
the ability to remove carbon dioxide. 

A 2000 hour life test was successfully completed, as were tests for 
sensitivity to cleaning solvent vapors, vibration resistance, and flammability. 

A system design for the Space Shuttle showed a 200 pound weight 
advantage over competitive systems and an even larger advantage for longer 
missions. 


CR-115S68 

SVHSER-6040 


Hamilton 

Standard 


U 

aircra 


FORBVORD 


This report has been prepared by the Hamilton Standard Division of 
United Aircraft Corporation for the National Aeronautics and Space 
Administration's Manned Spacecraft Center in accordance with Contract 
NAS 9’-11971. The report covers work accomplished between June 21, 1971 
and the date of issue. 

Appreciation is expressed to the Technical Monitors, Mr. Richard J. 
Gillen and Mr. Frank Collier of NASA, Manned Spacecraft Center, for their 
guidance and advice. 

This program was conducted under the direction of Mr. Fred H. Greenwood, 
Program Manager, and Dr. Peter J. Lunde, Program Engineer, with the 
assistance of: 


Mr. Robert Balinskas 
Dr. Phillip J. Eirbara 
Nfa*. Frank Kester 
Mr. Henry J, Ko Ins berg 
Mr. Donald R. McCann 
Ntr. Armand Ruby 
Mr. Alfred J. Weiss 


Hamilton _ 
Standard 


U 

A tfC Ma 


V4A^»C1N 


CR-115508 

SVl!Sl;R-6040 


TABU- OP CON'I'ENTS 


Page No. 


SUMMARY 3 

INTRODUCTION 5 

OBJECT IVES 7 

Material Review and Evaluation Objectives 7 

Coniputer Prograjn Objective 7 

Laboratoiy Concept Developinent Objective 7 

Design Concept Development Objective 7 

CONCLUSIONS 9 

lUiCQ\1MENDATI0NS 11 

SUMEIRY IMPORT 13 

Desiccant Material Selection 13 

Material Rcvieii/ and Evaluation 13 

Secondary Properties 16 

Computer Program 

Laboratory Concept Development 19 

Small Scale Tests 19 

Large Scale Tests (Series I) 19 

Large Scale Tests (Series II) 27 

Large Scale Tests (Series III) 27 

Design Concept Development 35 


iii 


Hamilton 

Standard 


U 

AtMl Ufi 


CR-1155t)a 

sviisi-;r-(i04u 


TABLE or CONTHNTS (Continued) 


MA TLRI;\L SLLLLTIONI A.ND PROPER! UiS 

Small Scale Apparatus Description 
Objectives mid Capabilities 
Apparatus Description 
Main Mow 
Siimpiing 
Test Ciinisters 

Canister Temperature Control 
Timing Sequence 
Calibration 

System Pressure 
Inlet Gas iTow Rate 
Sample Weight 
AdsoiTition Time 

Lnlct and Outlet CO 7 mid Water Vapor Partial 
Pressure 

Calculations 

Material Description 

Evaluation 

x^laterial Variations 

Substrate 

Coating Weight 

Coating Composition 

Selected liS-C Material 


Page No. 
41 
41 
41 
41 
41 
43 
46 
46 
46 

46 

47 
47 
47 
47 
47 

50 

54 

57 

57 

57 

58 
58 
58 


IV 


Hamilton 

Standard 




CR-115St)8 

SVliSHR-ti04() 


U 

APMl WA> • 

mmi ov c:oivniiN'i's (.cioiitinuedj 

Page Nq. 

US-C Life Test 60 

Solvent Tests 60 

Objectives 60 

Lxperiniental Method 60 

Results 62 

Conclusions 62 

Structural Tests 62 

Flirninability Tests 64 

Results 64 

Discussion 64 

I'oxicant Test 67 

Discussion 67 

Bromine 67 

;\mmonia 68 

Toluene 68 

Conclusion 68 

Recommendations 68 

CQMPUlliR PROGRAM DESCRIPTION 69 

Introduction 69 

Description aiid Mathematical Model 69 

Adsorption aiid Desorption 69 

Vacuum Desorption Pressure Distribution 73 

Mathematical Formulation 74 


ileat Transfer 


V 


76 


Hamilton U 

!• « HA . >Nl 'Ik* *>Ml >1 Af ' 

Standard p,. 


CR-1155()8 

SVHSHR-0040 


Tmi\ (3i- CONTIiNTS (Continued) 


Method of Solution 
Program Capabilities 

Prograni t>i’itions 
Program Restrictions 
liiput/Output Parameters 
Prograjn Flow Charts 
Progra])! Svmibol Definitions 
Progrtmi Source Listings 
SmujUe Case 

LV1R4L\T0RY CONQilM ' DLVLUiPfa-NT 

Small Scale Development I'csts 
Test Objectives 
Test Accuracy 

Differences Between Large and Small Scale Tests 
Test Canisters 
Parametric Data Description 
CO 2 Feed Coiicentration 
Dew Point 

Adsorption/Desorption Temperature 
Inlet Flow Rate 
Cycle Time 

Large Scale equipment Description 


Page No. 


77 

78 

78 

79 
79 

79 

80 
80 
80 

81 
81 
81 

82 
82 
82 
82 
86 
86 
86 
86 
87 
87 


VI 


Hamilton 

Standard 




u 

U I 


CR-115568 

SVHSHR-6040 


TABLH OF CONTrOMTS [Contmued) 


Large Scale Test Canister 
Test Parameters 
Flow Pattern 
Calibrations 
Large Scale Tests 
Objectives 
Experimental Method 
Data Summarv' 

Calculations 

Parajnetric Data Discussion 

Desorption Time , Teiqieraturc and Vacuum 
Design for Desorption 
Inlet CO? Concentration 
ILS-C SYSTEM DESIGN CONCEPl' DEVELGPMENl’ 


Concept Design 


APPENDIX A 
APPENDIX B 
APPENDIX C 
APPENDIX D 

APPENDIX E 
APPENDIX F 


Plan of Test 0 Test Data - HS-C Structural Tests 
Reproduc ib i 1 i tv 

Plan of Test - Toxicant Testing 

Input/Output Parameters - Flow Charts for 
Conputer Program 

Test Plans - Large Scale Tests 

Data Summary Sheets - Large Scale Tests 


Page No. 
92 
92 
92 
97 
102 
102 
105 
105 
105 
108 
108 
109 
109 
115 
115 
A-i 
B-i 
C-i 


D>i 


E-i 


F-i 


Hamilton , 

Standard ’ " " pZ 


CR- 115568 
SVILS1-;R-6040 


LIST OF PlGUtlHS 

]-igurc No. Title Page No. 

»■ Lfl'cct of Coating Composition on liS-C Material 14 

C effect of Coating Weiglit on HS-C Performance 15 

•> IRt^D Small Scale Tests - Life Test IlS-C 17 

4 nS-C Small Scale Parametric Tests - iiffect of 

Partial Pressure CO 2 on Cyclic Capacity 20 

5 liS-C vSmall Scale I’arametric Tests - Iiffect of 

Humidity on Cyclic Capacity 21 

6 IIS-C Small Scale Pariimetric Tests - Effect of 

Adsorpt lon/i)c5oiption Tem[ierature on Cyclic Capacity 22 

ilS-C Small Scale Parametric Tests - Effect of Gas 

Flow Rate on Cyclic Capacity 23 

8 HS-C Small Scale Parametric Tests - Effect on Half 

CyTHe Time on Cyclic Capacity 24 

0 Test C:mister Arrimgemcnt - Cover Removed 25 

10 Test Canister Arr;mgemcnt - Installed in Rig 26 

11 HS-C Large Scale I’aramctric Tests - Effect of Air 

Inlet I'empcrature on Cyxlic Capacity 28 

IlS-C Large Scale Tests - Effect of Bed Temperature 
on Cyclic Capacity 29 

15 HS-C large Scale Parametric Tests - Effect of Inlet 

Humidity on Cy'clic Capacity 50 

14 HS-C Largo Scale Parametric Tests - Effect of 

Partial Pressure of CO 2 on Cyclic Capacity 31 

15 IIS-C Large Scale Parametric Tests - ^ CO 2 and il20 

Capacity vs Air Inlet Flow 52 

16 Large Scale I’aramctric Tests - Effect of Hesorption 

Time on Cv'clic Capacity at = 5 mn^lg 33 

17 HS"C Large Scale l*aramctric 
tion Time on Cyclic Capacity 

viii 


34 


Hamilton 

Standard 

u 

CR- 11 5568 
Si/HSLR-6040 

Figure No. 

LIST OF FIGURHS (Continued] 
Title 

Page No 

IS 

Sorbent Arrimgernent iuid Control 


56 

19 

System Comparison ilS-C and LiOH Condenser - 
(Mission Length - Days) 


58 

20 

System Cosnjiarison HS-C and LiOll Condenser - 
(Crew Size) 


59 

21 

Sorbent Lvaluator 


42 


Small Scale Tests - Simple □iromatogram (One Analysis) 
Chart Speed 2 Divisions /Minute 

44 

25 

Cyclic Test Data » Small Scale Apparatus 


45 

24 

Gas Flow Calibration - Small Scale Tests 


48 

25 

Small Scale Tests - CD 2 Calibration Gas 
Cliromatograph 


49 

20 

Small Scale Tests - H 2 O Calibration Gas Cihromatograph 

51 

27 

Sorbent Lvaluator Calculation Sheet 


55 

28 

Small Scale Tests ^ Breakthrough Curve Ti-acings 
from Chromatogram 


56 

29 

Canister Heating/ Coo ling System 


88 

50 

Large Scale Tests - Rig 88 Block Diagram 


89 

51 

Large Scale Test Apparatus 


90 

52 

Large Scale Test Apparatus 


91 

55 

Test Calais ter Design Layout 


93 

34 

Test Configuration Header Layout 


94 

55 

Large Scale Tests - Flow Pattern Within Heat 
Exchanger 


95 

56 

Large Scale Tests - Canister Pressure Drop 
Calibration - Trace No. 1 - Bro\in 


98 


ix 


Hamilton y 

Standard Hck 


UMir^soH 

sviisi:r-oo4() 


LIST OF FUlURliS jContmucd) 

ITgurc No. ITtlc Page Xo. 


37 

Large Scale Tests - Calibration 

99 

5S 

Large Scale Tests - Dew Point Calibration 
Trace Xo, 15 - Brown 

100 

59 

Large Scale Tests - Higi’i Vacuum Pressure Cauge 
Calibration - Trace No, 14 - Red 

101 

40 

Large Scale Tests - Rig Pressure Calibration 
'IVace No. 25 - Blue 

105 

41 

Large Scale Tests ^ Air Plow Calibration 

104 

4: 

Large Scale Pariimctric 'Pests - UiDuidity 
Calculations - Data Cycle 70 (Recorder Reading) 

!()(> 

15 

Large Scale I’araiuctric iests - Hunidity 
Calculations - Data Cycle 70 (Converted Reading) 

107 

44 

Largo Scale Parametric Pests - Desoi^ition 
Pressure v’’s Time 

111 

45 

nS-C Large Scale Parametric Tests - Z\P vs Flow 

112 

40 

liS"C Large Scale Parametric Tests - Cyclic Water 
Capacity 

119 

47 

Coolajit Loop Schematic 

120 

48 

Schematic oP Competitive System LiQl Condenser 
Used for Trade Study 

121 


Hamilton 

U 

iir^lVkU ArfJI T 1 

CR-115568 

SVHSER-6040 

Standard 

fil?l 



LIST OP TAi^LHS 


Table No. 

'I'itle 

Page No. 

i 

IIS-C Sorbent Material Structural Testing 

Results 18 

11 

IlS-L Life Tests 

bl 

111 

Solvent Tests 

63 

IV 

Sorbent Hvaluator Calculation Sheet 

83 

V 

Test Parameters 

96 

VI 

Design Requirements 

116 

VII 

Optimization Procedure 

118 


xi 


Hamilton U 

UNITED AifiClJAri coH^^IAriO»4 

Standard p@ 


CR-115568 

SVHSER-6040 


DESICCANT HUMIDITY CONTROL SYSTEM 


1/Z 




Hamilton 

Standard 


U 

tl t\- 

ficift 


CR-115568 

SVHSER-6040 


SUGARY 


A new regenerable water vapor and carbon dioxide sorbent material has 
been developed and designated HS-C. Its ability to adsorb and subsequently 
vacuum desorb both gases simultaneously in a single homogeneous bed has been 
successfully demonstrated in a full scale test simulating Space Shuttle 
conditions . 


Capacities of 2 % for carbon dioxide and 4% for water vapor were achieved 
when 15 pounds of HS-C was prepared and parametrically tested in 5 and 10 
pound lots under cabin adsorption and space vacuum conditions appropriate 
for the Space Shuttle mission. Performance testing showed that water vapor 
can be controlled by varying the HS-C process flow, while maintaining the 
ability for removal of carbon dioxide. Tivfo hundred and nineteen hours of 
large scale performance testing were accumulated without degradation. 


Small scale testing of HS-C was conducted for 2000 hours of cyclic 
^ performance without degi’adation. The material was sho™ to be insensitive to 
common cleaning vapors, and acceptable in flammability and vibration re- 
sistance. HS-C effluent gases were analyzed after heating to 180“F and 
150-300 /igms NH 3 were evolved per gm of HS-C. 


System design concepts applied using the Space Shuttle constraints 
siiowed that a system for simultaneous control of humidity and removal of CO 2 
is feasible. Furthermore, the System using HS-C has a total equivalent 
weight advantage of 200 pounds over a competitive lithium hydroxide condensing 
heat exchanger system for atmospheric regeneration. For longer missions than 
tlie basic 7 day Space Shuttle mission, tlie advantage of Oii HS-C system 
increases since HS-C is not consmed in the regeneration process. 
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INTRODUCTION 


Metabolic water vapor and carbon dioxide have historically been removed 
from the spacecraft cabin by a condensing heat exchanger and lithium hydroxide 
(LiOH) , respectively. The condensing heat exchanger offers the possibility 
of water reclamation and the LiOH system adsorbs large quantities of CO 2 in 
a small bed. However, these advantages fade in the Space Shuttle because of 
tlie ready availability of fuel cell product water and the longer mission 
length and larger crew size, which require increasing quantities of the 
non -regener able LiOH. 

A new water vapor and carbon dioxide sorbent called HS-C has now been 
developed to remove the metabolic products from the cabin using a single 
sorbent bed. It can be regenerated by a dry gas purge or a hard vacuum 
microns) at tlie adsorption temperature, or by a mild vacuum (1/2 psia) at 
higher temperatures (200°F) . 

HS-C is made from a spherical porous substrate (diameter about 0.5 mm), 
which is coated with a thick non-volatile liquid which chemically adsorbs 
CO 2 and H 2 O. 

HS-C is currently of interest to the designers of the Space Shuttle life 
support system for removal of metabolic water and carbon dioxide from the 
cabin. Competing systems are tlie flight-proven lithium hydroxide, 
which requires careful preflight preparation of the high capacity non- 
regenerable material plus the usual condensing heat exchanger for humidity 
control; and a silica gel molecular sieve system which shares some of HS-C's 
system advantages but can be poisoned with water vapor. 

The HS-C system is especially desirable because it requires no liquid 
loop connections , needing only space vacuum and electrical connections to 
perform within the cabin environment. The material need not be replaced 
bet\\'een flights since it can be regenerated efisily on the ground with a dry 
purge , 
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OBJECTIVES 


Tlie basic objective of this program was to develop a regenerable 
desiccant system concept for controlling the humidity and CO 2 level in the 
cabin of a Space Shuttle vehicle. To support this objective it was necessary 
to develop HS-C from a laboratory scale research material to a first class 
contender for the Shuttle mission. The first large scale preparations were 
made, performance of a full sized bed was investigated, and other properties 
(fire, toxicity, structural capability, etc.) were evaluated. A computer 
description of the material was developed and trade-off studies were 
conducted, which showed the material’s basic superiority over a LiOH system. 

Hie program was divided into four tasks : 

• Material selection, preparation and properties. 

• Computer program. 

• Laboratory concept development. 

• Design concept development. 

Hie objectives of each task are listed below. 


MATERIAL REVIEW AND EVALUATION OBJECTIVES 


• To review available HS-C desiccant/C02 control materials to 
assure selection of an HS-C formulation most suitable to the 
specified performance requirements. 

• To prepare the quantities of HS-C required for small and large 
scale testing and for delivery to NASA. 

• To conduct solvent tests to assure that HS-C shall not be 
affected by solvents normally used in Manned Spacecraft Programs, 


COMPUTER PROGRAM OBJECTIVE 


• To generate a base computer program modeling HS-C which will 
allow design parameter determination and concept selection. 

LABORATORY CONCEPT DEVELOPMENT OBJECTIVE 


® To perform laboratory level development tests to adequately 
verify the computer program accuracy and adequacy. 
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DESIGN CONCEPT DEVELOPMENT 0R7ECTIVE 


• To develop a system design concept applicable to the Space Shuttle 
including schematics, component operating parameters, and 
redundancy features. 
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CONCLUSIOMS 


1. HS-C preparations on a five to ten pound scale have been successfully 
made. Quality control procedures have been devised such that pre- 
parations of up to 100 pounds over a few months are practical. 

2. HS-C properties can be tailored, to a degree, by the use of different 
coating agents and coating quantities. 

3. IIS-C has been cyclically tested for 2000 hours in a Shuttle -type cycle 
w i thout de gr adat ion . 

4. Vibration of HS-C produced no change in performance, pressure drop, or 
physical conditions. 

5. Using atmospheric air, the flammability of HS-C was acceptable according 
to Category B of D-NA-0002, Procedures and Requirements for Flammability 
and Offgassing Evaluation of Manned Spacecraft Nonmetallic Materials. 

The material also passes Category C when a container is used ivhich is 
representative of that projected for a spacecraft. Proper design of 
the flight canister must be assured before the configuration will be 
acceptable to NASA. 

6. Common cleaning solvent vapors caused negligible performance degradation 
of HS-C. 

7. 150 to 300 of ammonia per gram of HS-C were generated when heated 
to ISO”? in accordance with Specification MSC-PA-D-67-13. 

S. Other toxicants (toluene, brominated hydrocarbons) were found which 
originated in impurities in test apparatus or raw materials. These 
impurities can be rer.C’-^ed by improved test and preparational procedures. 

9. A computer program has been developed which can predict cyclic 
performance of HS-C beds in the Shuttle configuration. 

10. Full scale tests of HS-C for Shuttle type operation show a capacity of 
2% for carbon dioxide and 4% for water vapor with a 40 minute desorb 
and 40 minute adsorb at Shuttle nominal conditions. 
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11. HS-C capacity for water and carbon dioxide is independent of the inlet 
teinperatr.re and nearly independent of inlet carbon dioxide concentration 
above 3jnniHG. HS-C capacity for carbon dioxide is independent of the bed 
temperature when the same temperature is used for adsorption and desorption. 
Nominal conditions were such that increased adsorption cycle time or inlet 
air flow had no effect on carbon dioxide capacity j although water capacity 
was increased. Important capacity increases for CO 2 were noted with 
increased desorption time, decreasing desorption pressure, decreased bed 
thickness, a smaller HS-C particle size. Important increases in water 
capacity were noted with increase of inlet air flow, humidity or bed 
temperature . 

12. In a realistic Shuttle system, a full trade-off of the atmospheric 
regeneration system indicates that HS-C has a 200 pound weight 
advantage over a LiOH condensing heat exchanger system for designs l^^ith 
crew sizes of 2-14 men. Since the HS-C is completely regenerable, its 
weight advantage increases with mission time. 

13. Water capacity sizes the HS-C system proposed for the Shuttle. Future 
HS-C material development should eirphasize increased water capacity, 
not capacity for carbon dioxide. 
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RECONM-NDATIONS 


1. Tlie mechanism responsible for the off-gassing of ammonia from HS-C should 
be investigated and means for reducing or eliminating ammonia evolution 
should be pursued. 

2. Full scale performance verification testing of HS-C material with reduced 
ammonia evolution should be verified. 

3. Kinetic constants for the HS-C material to be used in the Space Shuttle 
simulation should be obtained for use witli the computer program developed 
under this contract. 

4. The utility of HS-C for a Space Shuttle mission should be demonstrated 
further by designing, fabricating and testing a two -canister breadboard 
system incorporating projected heat interchange equipment and finding the 
concentration of water and carbon dioxide achieved as these constituents 
are added to a cabin environment in simulation of various crew activities. 
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SUM^^ARY REPORT 


'Fhis section sunimarizes the material presented in detail in later 
sections, but without experimental detail and supporting arguments. 


DESICCANT MATERIAL SELECTION 


Hie first obj^otijtfe of this contract was to produce a candidate sorbent 
material and evaluat e its sorptive qualities and secondary properties. 


Material Review and Evaluation 


HS-C designates a class of regenerable sorbent materials made by coating 
a porous spherical substrate with an amine based liquid which adsorbs both 
water and CO 2 . 


A number of HS-C preparations were made to find the highest capacity 
material. Variations explored were: 


Coating Agent: 

Coating Amount: 
Substrate : 


(13 Polvethvlenimine fMolecular weight 1800) 
[2) Tetraetliyleneamine pentamine 
(1) Percent by weight 

(1) 24-28 mesh material (acrylic ester) 

(2) 30-40 mesh material (acrylic ester) 


Figure 1 shows the difference in performance for two coating agent 
compositions over a range of CO 2 inlet compositions. Ihe Tetraethyleneamine 
(TEPA) coating produces 10% better CO 2 capacity and 50% better water capacity 
than the Polyethylenimine (PEI) coating. PEI was nonetheless chosen for 
coating agent because there was little experience with TEPA, leading to 
doubts regarding secondary properties, such as toxicity and volatility. 
Polymerization of a TEPA coating in place is technically feasible and would 
undoubtedly solve such latent problems, but such work was beyond the scope 
of this program. 

Coating weight variations were explored for the PEI coating. Figure 2 
shows a typical curve from a coating optimization, showing that too little 
coating leaves some of the material uncoated, and too much clogs rather than 
coats the deeper substrate pores with PEI. 

Substrate variation lere made by using different sized substrate 
particles. The smaller particles (30-40 mesh) showed somewhat higher CO 2 
and H 2 O capacity (Figure 2 ) , an effect attributed to a better intra-particle 
diffusion rate. 
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EFFECT OF COATING COMPOSITION ON HS-C PERFORMANCE 


t- t 

SMALL SCALE TEST APPARATUS 

AIR FLOW - 500 ML/MIN 
CANISTER PRESSURE - 28 IN. HG 
DEW POINT - 52 °F 
DESORB TERMINAL PRESSURE - <50 MICRONS 
BED TEMPERATURE - 75°F 
SAMPLE VOLUNE - 5 ML 

2 IN. BED, SINGLE END DESORB 
SAMPLE WEIGHT 1.98 GM 
CYCLE TIMES: 45 MINUTE ADSORB 

45 MINUTE DESORB 

CALCULATED FOR 2/3 C50 MIN.) ADSORB 


3 4 
PC02 HG) 
FIGURE 1 
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EFFECT OF COATINO WEIOHI ON H5-C PERFORMANCE 


SMALL SCALE APPARATUS 
^COn - ^mm Hq 
AIR FLOW - 500 ML/MIN 
CANISTER PRESSURE 28 PSIA 
DEW POINT - 52®F 

DESORB TERMINAL PRESSURE - < 50 MICRONS 
BED TEMPERATURE - 75°F 
SAMPLE VOLUME - 5ML 
2 IN. BED SINGLE END DESORB 
SAMPLE WEIGHTS 1.R7 - 2.25 GMS 
CYCLE TIMES: 45 MINUTE ADSORB 

45 MINUTE DESORB 
CALCULATED FOR 2/3 

(30 MIN.) ADSORB 


T^SEPIES I & II PREPARATION 
: (24-28 MESH) 

<>SERIES III PREPARATION 
£ (30-40 MESH) 


PREPARATION COMPOSITION 
(GM COATING/100 ML WET SUBSTRATE) 


FIGURE 2 
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Bed depth ^so has an impo'rt^t effect on performance. The deeper the 
bed, the more difficult the desorption, due to the longer inter-particle 
diffusion patli length. 

The HS-C preparations used for development testing are summarised 
below: 






Bed 

Particle 

wt % 

Bed 





Size 

Size 

PEI 18 

Depth 

Small 

scale 

tests 

(IR^D Material) 

2 gm 

24-28 mesh 

24.2 

4 in* 

Large 

scale 

tests 

(Series T) 

10 lb 

24-28 mesh 

24.2 

3 in 

Large 

scale 

tests 

(Series II) 

5 lb 

24-28 mesh 

24.2 

1 - 1/2 in 

Large 

scale 

tests 

(Series III) 

5 lb 

30-40 mesh 

20.6 

1 - 1/2 in 


Secondary Properties 

Under Hamilton Standard's general Independent Research ^ Development 
CIR^D") Atmosphere Revitalization development program a life test, a structural 
test, and a flammability test were run on the HS-C developed for Series I and 
II. As a part of this contract, tests were run to determine the poisoning 
effect of solvents on HS-C and to analyze the kinds of toxicants HS-C 
generates when heated 100 “F above the normal operating temperature (180 '*F). 

HS-C was cycled for 2000 hours without degradation of performance 
(Figure 3) . Severe shaking of a loaded canister (simulating launch) produced 
no cliange in performance, physical condition, or pressure drop (Table I ), 

IVlten common cleaning solvents were introduced into the sorbent feed gas , 
little effect was noted. A maximum of 101 degradation was noted at the 
extreme data scatter. Gases evolved on heating HS-C were found to be 
primarily in three categories. One of these was traced to test rig manometer 
fluid and one to an impurity in the substrate. The final impurity, ammonia, 
was an impurity in the HS-C coating. Except for the ammonia, it is believed 
that these gases can be eliminated by inproved preparational procedures. 
Ammonia generation levels were 150-300 gms NH 3 per gram of HS-C when tested 
in accordance with Specification MSC-PA-D-67-13. 


COMPUTER PROGRAM 


A second objective of the contract was to develop a computer program 
describing HS-C performance for use in concept selection. A mathematical 

"Actually 2 inches, single end desorb. 
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IR&D SMALL SCALE TESTS 
LIFE TEST HS-C 


SPRING 1971 
(DATA FROM TABLE II) 


SMALL SCALE TEST APPARATUS 


AIR FLOW - 940 ML/MIN 
CANISTER PRESSURE - 28 IN. HG 
DEW POINT - 52 °F 
PC02 “ 3 MMHG 

DESORB PRESSURE ---.50 MICRONS 
BED TEMPERATURE - 75®F 
SAMPLE VOLUME - 5 ML 

2 IN. BED, SINGLE END DESORB 
SAMPLE WEIGHT - 1.89 GM 
CYCLE TIMES: 45 MINUTE ADSORB 

45 MINUTE DESORB 

CALCULATED FOR 2/3 C30 MIN) ADSORB 


FIGURE 3 
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HS-C SORBENT MATERIAL STRUCTURAL TESTING RESULTS 


Test 

Dusting Resistance 
/Xpparent Density 
CO 2 .Adsorption 
U 2 O Adsoiption 
rressiire Drop 


Before 

After 

Vibration 

Vibration 

1.35% 

1.05% 

0.402 

0.402 

1 . 6D 

1.71 

5.14 

5.27 


See Curve Belov: 


Parameter 

% Non- spherical Beads 

Grams/Milliliter 

0 by Weight 

% by Weight 

dp Across Vibration 
Test Canister 
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model for HS-C adsorption and desorption performance was developed and 
combined with heat transfer relations and heat and material balances to 
construct a con^uter program which predicts water and CO 2 adsorption or 
desorption rates along the length of the bed, calculating effluent gas 
composition and residual bed loadings as a function of time. 


Single adsorption or desorption cycles, or a succession of adsorption/ 
desorption cycles can be calculated. The bed can be cooled or heated 
during adsorption and desorption by cross -flow heat exchange with constant 
tenperature cooling or heating fluid, typically cabin air. Desorption can 
be handled by dry gas purge or by high vacuum. Output data is printed or if 
desired can be plotted using the standard conputer output print and paper. 


Kinetic constants were developed empirically by reference to those 
determined for an earlier material and the test results from this program 


LABORATORY CONCEPT DEVELOPMENT 


A third objectiv e of the contract was to verify conputer program 
accuracy' and adequacy through lahoratory testing. The two HS-C materials 
selected in an earlier phase were tested in the laboratory in small scale 
(2 gra) and large scale (5 and 10 pounds) tests. 


Small Scale Tests 


Tlie larger mesh size material was exhaustively tested on a small 
scale, with tivelve tests exploring performance variations due to changes in 
CO 2 feed concentration, inlet dew point, adsorption/desorption temperature, 
inlet flow and cycle time. 

CO 2 capacity fell appreciably when CO 2 concentration in the feed was 
below Pco2 ^ ^ (Figure 4). Water capacity rose rapidly with increasing 

dew point; doubling bet\ireen 40°F and 60®F (Figure 5 ). Desorption/adsorption 
teiT^jerature did not affect CO 2 capacity, but lower temperatures favored 
increased H 2 O capacity (Figure 6). Increased inlet gas flow increased 
performance up to the nominal conditions but not beyond^ sho^ving that mass 
transfer to the material was adequate at nominal conditions (Figure 7) . 
Similarly, increasing cycle length improved capacity up to the nominal 
conditions , but a further increase made only a small inprovement (Figure 8) , 


Large Scale Tests (Series I) 

The larger mesh size HS-C material was tested in a large scale 
configuration (10 lbs of HS-G) .x^^ was a modified fin-tube 

heat exdianger 14 X 14 X 3 inches with an air flow path three inches long 
(Figures 9 and IQ), desorbed high edacity vacuum system. 
Fifteen parametric tests x^ere run totaling 219 continuous hours of testing. 
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HS-C SMALL SCALE PARAMETRIC TESTS 



ON CYCLIC CAPACITY 


EFFECT OF PARTIAL PRESSURE CO. 


AIR FLOW - 500 ML/MIN 
CANISTER PRESSURE - 28 IN. HG 
DEW POINT - 52°F 

DESORB TERMINAL PRESSURE - <50 MICRONS 
BED TEMPERATURE - 75°F 
SAMPLE VOLUME 5 ML 

2 IN. BED, SINGLE END DESORB 
SAMPLE WEIGHT 1.98 GM 
CYCLE TIMES: 45 MINUTE ADSORB 

45 MINUTE DESORB 


0 CALCULATED FOR FULL C45 MIN.) ADSORB 
©CALCULATED FOR 2/3 C30 MIN.) ADSORB 


PARTIAL PRESSURE 
FIGURE 





CAPACITY 



DEW POINT 


INLET PH 2 O/ PSIA 
FIGURE 5 
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HS- C SMALL SCALE P ARAMETRIC TESTS 

■ EFFECT OF ADSORPTION/DESORPTION TEMP. ON CYCLIC CAPACITY 


AIR FLOW - 500 ML/MIN 
CAN lb TER PRESSURE - 28 IN. HG 
■ DEW POINT - 52 F 

: DESORB TERMINAL PRESSURE - <50 MICRONS 
I SAMPLE VOLUME - 5 ML 
' 2 IN. BED, SINGLE END DESORB 

SAMPLE WEIGHT - 1.98 GM 
CYCLE TIMES: 45 MINUTE ADSORB 
45 MINUTE DESORB 

BCALCULATED FOR FULL (45 MIN.) ADSORB 
i:.: ©CALCULATED FOR 2/3 (30 MIN.) ADSORB 
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HS-C SMALL SCALE PARAMETRIC TESTS 


EFFECT OF GAS FLOW RATE ON CYCLIC CAPACITY 


Pcoo - 3 MM HG 

CANNISTER PRESSURE - 28 IN. HG ' 

DEW POINT - 52'’F ^ 

DESORB TERMINAL PRESSURE - <50 MICRONS r 
SAMPLE VOLUME - 5 ML 

2 IN. BED, SINGLE END DESORB 1 

SAMPLE WEIGHT - 1.98 GM 

BED TEMPERATURE - 75®F • 

CYCLE TI,^CS: 45 MINUTE ADSORB • 

45 MINUTE DESORB 

ECALCULATED FOR FULL (45 MIN.) ADSORB 
©CALCULATED FOR 2/3 (50 MIN.) ADSORB 


INLET GAS FLOW RATE, ML/MIN 
FIGURE 7 
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HS-C SMALL SCALE PARAMETRIC TESTS 





EFFECT OF HALF CYCLE TIME ON CYCLIC CAPACITY 


PC09 - 3 MM HG 
AIR FLOW - 500 ML/MIN 
CANISTER PRESSURE - 28 IN. HG 
DEW POINT - 52°F 

DESORB TERMINAL PRESSURE - 50 MICRONS 

BED TENPERATURE - 75 “F 
SAMPLE VOLUME - 5 ML 

2 IN. BED, SINGLE END DESORB 
SAMPLE WEIGHT - 1.98 GM 


CAPACITIES CALCULATED FOR HALF CYCLE TIMES INDICATED 




FIGURE 9 
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ALUMINUM TRANSITION SECTia^l 
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IVrtomumco cluinges resulting I roin cluinges in inlet air temperature, inlet 
dew point, bed adsorb/desorb tein]'»cratun' , inlet QI 2 concentration, inlet ,air 
flow, cycle time, and dcsoi-ption pressure were explored. 

Changes in inlet air temperature and bed adsorb/desorb temperature had 
little effect on performance (figures 11 and 12 ). Changes in inlet CO 7 
concentration did not affect H 2 O adsorption and vice versa (Figures l.'S ,T4 ). 

Other effects were qualitatively those expected from the small scale 
tests. Inlet dew point had a large effect on water capacity, almost doubling 
over a 10°F dew point change (Figure 13). Inlet CO 2 concentration affected 
capacity appreciably up to 3 mmHg, but only slightly above that pressure 
(Figure 14). Inlet air flow did not affect CO 2 capacity, but markedly 
affected the H?0 capacity which was much further from saturation at the test 
conditions (Figure 15). 

CVcle time affected performance considerably because of the importance 
of desorption time (Figure 16). A ver>’ long desorption time (overnight) 
gave 2.61, CO 2 capacity by weight. Two percent cyclic capacity was reached 
with a SO minute desoip>tion, while with 50 minutes desorption time, the 
capacity was about 1.61;. Water capacity was relatively unaffected, 
suggesting that water is desorbed more readily than ( 202 . 

Desorption pressure was quite important, with HS-C requiring low vacuum 
for best performance (Figure 17). 


Large Scale Tests (Series II) 

Series IT tests were run with 5 pounds of HS-C in the same test canister 
used for Series I. Bed thickness was reduced to 1-1/2 inches, enhancing ( 2 O 7 
capacity by reducing the inter-particle pressure drop during desorption. 

Tlie same HS-C material was used as lor Series I. Twenty-two additional test 
hours were accumulated and variations in cycle time were explored (Figure 16) . 
;\bout 101 additional capacity was achieved by decreasing the bed thickness 
in this manner, giving cyclic capacities of 1 . 9 % for CO 2 end 3 . 2 I for water 
vapor at 45 minutes desorption time. 


Large Scale Tests (Series III) 

Five pounds of smaller mesh HS-C material was tested in the large scale 
cajiister. As in Run Series II, bed depth was 1.5 inches. 228 hours of 
continuous operation were accumulated at nine parametric test conditions. 
Figure 16 shows the enhancement of capacity which the smaller particles gave. 
A capacity of 2 % for CO 2 and 5o for water vapor was achieved with a 40 
minute desorption. When water vapor and carbon dioxide partial pressures 
and bed tenperature were raised to high nominal conditions, 2.1% capacity 
for CO 2 and 4% for H 2 O were achieved. 
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HS-C LARGE SCALE PARAMETRIC TESTS 


EFFECT OF AIR INLET TEMPERATURE 
ON CYCLIC CAPACITY 


P-O 2 - 3 MM HG 
AIR FLOW - 40 CFM 
BED TEMPERATURE - 80° F 
INLET DEW POINT - 51°F 
ADSORB TIME - 30 MINUTES 
DESORB TIME - 45 MINUTES 
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HS-C LARGE SCALE PARAMETRIC TESTS 


EFFECT OF BED TEMPERATURE ON CYCLIC CAPACITY 


CANISTER PRESSURE - 14.7 PSIA ^ 
PC02 - 3 MM HG 

AIR FLOW - 40 CFM H;; 

AIR INLET TEMPERATURE - 70 °F ' ~ 

INLET DEW POINT - 52°F T ; ; : 

ADSORB TINE - 30 MINUTES r.: . 

DESORB TINE - 45 MINUTES 
RUN SERIES I - 8.84 LB. 3 INCH BED 
CYCLES 43. 56, 63 


BED TEMPERATURE 
FIGURE 12 
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CANISTER PRESSURE - 14.7 PSIA 
PC02 - 3 MM HG 

AIR INLET TEMPERATURE - 70°F 
BED TEMPERATURE - 80°F 
ADSORB TIME - 30 MINUTES 
DESORB TII^ - 45 MINUTES 


© 60 CFM 
0 40 CFM 


^ 26 CFM 1;:: . 

.RUN SERIES I - 8.84 LB. 3 INCH BED 

CYCLES 41, 70, 82, 87, 121, 124, 13 


HS-C LARGE SCALE PAI^ETR 1C TESTS 
EFFECT OF INLET HUMIDITY ON CYCLIC CAPACITY 
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PARTIAL PRESSURE CO 2 , HG 


CANISTER PRESSURE - 14.7 PS I A 

AIR FLOW - 40 CFM 

AIR INLET TEMPERATURE - 70 °F 

BED TEMPERATURE - 80°F 

INLET DEW POINT - 5i°F 
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CYCLES 45, 68, 91, 96, 138 


©45 MINUTE DESORB, 30 MINUTE AHSORB 
.0 30 MINUTE DESORB, 30 MINUTE ADSORB 
A30 MINUTE DESORB, 20 MINUTE ADSORB 


Hamilton 
Standard 


CR-l 15508 
SVHSHR-6040 


HS-C LARGE SCALE PARANETRIC TESTS 

EFFECT OF PARTIAL PRESSURE OF CO 2 ‘ r:!' T: I j : : 

ON CYCLIC CAPACITY . ' . . . r:iT ! I T i ! ! 


FIGURE 14 
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HS-C LARGE SCALE PARAMETRIC TESTS 


EFFECT OF DESORPTION TIME ON CYCLIC CAPACITY 
AT PC02 = 5 MM HG 


CANISTER PRESSURE - 14.7 PSIA 

PCO 2 - 5 MMHG 

AIR FLOW - 40 CFM 

AIR INLET TEMPERATURE - 70®F 

BED TEMPERATURE - 80°F 

INLET DEW POINT - 5TF 

ADSORB Tlf^ - 30 MINUTES 


©RUN SERIES 1-8.84 LB. 3 INCH BED 

CYCLES 19, 21, 26, 91, Uy, 113, 115, 

SRUN SERIES II - 4.4 LB. 1-1/2 INCH BED 
CYCLE 12 

Arun series III - 4.4 LB. 1-1/2 IN. BED 
-- 7-7 CYCLE 30 - - • ' j 

‘VSAi/E. ASA BUT WITl! PCO 2 “ 7 POINT 

--T- --CYCLE 190 ---j ! 
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FIGURE 16 
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PC02 ■ 5 MMHG 
AIR FLOW - 40.5 CFM 
AIR INLET TEMPERATURE - 
BED TEMPERATURE - 80°F 
INLET DEW POINT - 51°F 


70°F 


run’ seIrTes *i " si sV Lb' 

CYCLES 43, 66, 68, 


3 INCH BED 
100, 101 


®3 INCH LINE, DOUBLE END DESORB, 
15-20 MICRON TERMINAL DESORB 
S3 INCH LINE, SINGLE END DESORB, 
160 MICRON TERMINAL DESORB PRE 
Ah INCH LINE, SINGLE END DESORB, 
1000 MICRON TERMINAL DESORB PI 
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DESORPTION TIME, MINUTES 


C/iNISTER PRESSURE - 14.7 PS 


HS-C LARGE SCALE PARAMETRIC TESTS 
EFFECT OF DESORPTION TIME ON CYCLIC CAPACITY 
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DESIGN CONCEPT DEVELOPMENT 


A Jinal objective of the contract was to develop a system design 
concept applicable to the Space Shuttle. Figure 18 shows the' proposed 
configuration of an HS~C system for the Space Shuttle. Four canisters are 
used, of which tivo are spares. 

Incoming cabin air seri'^es as a heat transfer fluid, exchanging heat 
between adsorbing and desorbing canisters, which are specially designed 
plate- fin heat exchangers. The air then enters the adsorbing canister and 
is exhausted to the cabin. The desorbing canister is valved to space vacuum 
through each end of the canister. 

^ It was found that water capacity was controlling for the Shuttle 
application, i.e., CO 2 levels were held within tolerance if the bed was 
sized to remove the generated water vapor. Further, the cabin humidity can 
be controlled by varying air flow while the carbon dioxide removal rate is 
relatively unaffected. The results of the large scale tests ("Series I) were 
transferred into water capacity-gas flow-dew point curves and 
processed by a Hamilton Standard optimizing design program which optimized 
the entire CO 2 and water removal system, including fan, pump, and radiator 
designs. A similar optimization was run for a LiOH system. Results are 
shorn in Figures 19 and 20. 

Tlie lower expendable weight penalty associated with the HS-C system 
is shorn by Figure 19. The weight differential between HS-C and the 
conventional LiOH condenser system varies from 200 pounds at a 7 -day 
mission to almost 750 pounds at a 30-day mission. 

In Figure 20, the effect of crew size is shown. The weight 
optimized HS-C system maintains a lower cabin dew point than the LiOH 
system. This permits the cabin air heat exchanger to operate with lower 
coolant tenperatures witho\it condensing. It also minimizes the need for 
coolant line insulation to prevent condensation in undesirable locations. 

As expected, the weight advantage of HS-C increases somewhat with crew 
size, but not as dramatically as with mission duration. The basic weight 
advantage would increase with improved water capacity, since in all cases 
the HS-C bed size was detemined by the required water capacity as opposed 
to CO 2 removal requirements. The goals established at the inception of 
this program of 4 % water and 2 % CO 2 capacity should be modified since they 
do not produce the minimum weight HS-C system. TEPA based materials [Figure 
1) for instance, have 50 1 greater water capacity than the PEI based material 
used for this program. 
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Otlier advantages o£ HS-C include the "forget it" aspect betv\reen 
flights --no replacement is necessary and poisoning constituents are not 
present in tlie normal atmosphere. The ease of ground regeneration through 
dzy gas purge is also convenient, and the simplicity of the system, whidi 
lacks liquid lines of any sort and has no connections required beyond space 
vacuum and electricity, is very appealing from a design and reliability 
viezvpoint. 

Tlie following pages discuss in more detail the material presented in 
the summary report. 
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MATHRLU SELECTION AND PROPERTIES 


SMALL SCALE APPARAIDS DESCRIPTION 


Objectives and Capabilities 


Development of the HS-C material has required a means for fast 
evaluation of the CO 2 and water capacity of small samples. The "Sorbent 
Evaluator" used for small scale tests was designed for this task. It 
evaluated 5 cc (about 2,0 gm HS-C) samples with a precision of under 
fixed conditions. The apparatus is also capable of testing larger quantities 
of sorbent (limited by inlet flow of about 1 cfm) , and can desorb under 
vacuum conditions (as for the Space Shuttle) or when heated at a mild vacuum 
(as for the Space Station) . 

Tlie Sorbent Evaluator is a "two -can" system; i,e, , it tests two samples 
at once, one adsorbing while the other desorbs. This arrangement is 
especially useful when comparison with a standard material is desired, for 
both beds see precisely the same conditions, 

HS-C generally takes only three adsorption-desorption cycles to achieve 
a cyclical steady state. At the test condition of 45 minute absorb - 45 
minute desorb generally employed, evaluation of a material therefore took 
about 5 hours. 

Evaluation of performance was by periodic analysis by gas chromatograph 
of feed and effluent streams. The chromatograms were taken at three minute 
inten^als and recorded closely together so that by connecting the peak 
heights a "breakthrough curv'^e" was formed which was then graphically inte- 
grated to find CO 2 or water removal efficiency. Weight capacity was then 
calculated from inlet flow rate, inlet CO 2 partial pressure, and bed weight. 


/qjparatus Description 


Main Flow 

Figure 21 shows the rig schematic, simplified by omission of certain 
unused plumbing. 

Atmospheric air entered the floiv regulator assembly (a) , where it was 
reduced to the rig pressure of about 28 in Hg. After metering bv rotameter 
(b) , the air passed over room temperature water in the humidifier (c) , and 
thus approached room temperature in dew point. The humidified air was cooled 
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in the oversized air heat exchanger (d) to the required dew point as set by 
the cooling vv'ater temperature which was controlled by the refrigeration 
system. Carbon dioxide was metered into the air stream from a pressurized 
c>’linder using a 50 foot capillary tube and pressure reducing regulator. At 
tiie low air flows used for this work (500 ml /min) the air was reheated to 
room temperature (about 70-75®F) by the uninsulated piping leading to the 
first cycling valve (f). Witli both valves (f) as shown, Ae air flowed 
through can and in the alternate position the flowr was through can 
After leaving the second valve (f) , the air v;as released to the diaphragm 
pump (f) by absolute pressure regulator (g) so as to maintain proper rig 
pressure (28 in. Hg) . IVhen can tf2 (or ^1) was desorbing, ullage was pumped 
out through a special vacuum pump (h) when solenoid valve (F) or (L) was 
activated. When the ullage was gone, tlie timed cycle closed these valves 
and opened valves (K) or (J) to desorb the bed using a larger vacuum system 
*(i), which utilized a diffusion pump. 


Sampling 

A bed effluent sample was withdrf>^Tl from the canister outlet 
during adsorption by appropriately energizing solenoid valve D or i. At the 
end of each adsorption the feed was sampled through a solenoide valve E. 

Tiie sample flow passed through the chromatograph sampling valve and then back 
through the sanple rotameter. Sample flow rate was controlled by a metering 
valve leading to a fixed lower pressure set by a back pressure regulator. 
Sample gas leaving this regulator was returned to atmospheric pressure by 
diaphragm pump (f). Sample analysis, by gas -liquid chromatograph, produced 
an analysis every three minutes. 

To obtain the three minute cycle and proper peak heights from the gas 
chromatograph a special column switching timer system was used. The sampling 
valve was automatically actuated every three minutes, introducing a small 
(1/16 ml) test sample into the helium carrier gas, which was regulated to 
40 psig. Tiie helium flowed through a 12 foot column filled with Porapak Q 
and an eight foot tube filled with Porapak T, both held in an oven at 72° C. 
After 1-1/2 minutes the air and CO 2 peaks had emerged, and then the second 
column was valved out and eight feet of Porapak 0 substituted to permit the 
water peaks to occur at about 2-1/2 minutes (rather than 5 minutes). Since 
the valve switching produced false peaks, the detector signal was switched 
out except ivhen the actual peaks were seen by the thermal conductivity 
detector^ on the Varian chromatograph. A typical resultant chromatogram is 
shoim in Figure 22. A series of these, three minutes apart, produces the 
test data for a given cycle (Figure 23). 


^Current was 200 ma. 
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Test Canisters 

ITie canisters were constructed of Sivagelok fittings and 1/2 inch 
stainless steel tubing with appropriate screens to hold the HS-C in place. 
No effort was made to fill the entire volume between screens HS-C. 


Canister Temperature Control 

Canisters were maintained at a constant temperature by water coils 
v>Tapped around them. A carefully metered floi\f of water from the cooling 
system was heated electrically to the desired temperature (typically 75*F) 
and then returned to the water storage reservoir. 

Timing Sequence 


Actuation of the cycled valves was by an electrical cam timer. Valves 
(e) were energized pneumatically, using nitrogen pressure. The cycling 
sequence was as follows: 


Step 

Valves 

Ce) 

Valves 

CF.L) 

Valves 
a, D, or E) 

Valves 
(J and K) 

1 -Start Adsorb Can 

as shoivn 

closed 

closed 

closed 

2 -Ullage dump 

as shoim 

as shown 

open/closed/closed 

closed 

5-Msorb Can #2, Desorb ^^1 

as shown 

closed 

open/closed/closed 

as shown 

4 -Peed Sample 

as slio\m 

closed 

closed/closed/open 

closed 

5 -St art Adsorb Can ^1 

reversed 

closed 

closed 

closed 

b-Ullage dump 

reversed 

reversed 

closed/open/closed 

closed 

7-Msorb Can #1, Desorb ^2 

reversed 

closed 

closed/open/ closed 

reversed 

8 -Peed Sample 

reversed 

closed 

closed/closed/ open 

closed 


Calibration 

Nbst of the temperature measurements from the Sorbent Evaluator were 
from uncalibrated copper- cons tat an thermocouples. These were observed to 
read room temperature accurately when first made. 
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Measurements important to the calculations of capacity were: 

1. System Pressure 

2. Inlet Gas Flow Rate 

3. Sample Weight 

4 . Adsorption Time 

5. Inlet and Outlet CO 2 and Water Vapor Partial Pressure 
liiese were calibrated as follows. 


System Pressure 

A single 30 in. Hg absolute reference pressure gauge was used for this 
measurement. It was diecked at zero pressure (during desorption) and 
atmospheric pressure (against a mercur>' column) and was found correct within 
±1 division or ±0.1 in. Hg. 


Inlet Gas Flow Rate 

A wet test meter was placed at the rig inlet for rotameter calibration, 
Tlie wet test meter was at atmospheric pressure and the rotameter was at the 
usual rig pressure of 28 in. Hg. Data, calculations and factory calibration 
are sho\m in Figure 24 along with the resultant calibration curve. 


Sanqjle Weight 

Just after preparation of HS-C, a 10 ml sample was quickly weighed using 
a tared 10 ml graduate. Tlie resultant density was noted and used in the 
calculations. A 5 ml sample was then used for all evaluations, eliminating 
the effect of weight gains during transfer and storage due to adsorption. 


Adsorption Time 

Adsorption time was measured from the recorder chart. Capacities were 
calculated for both the first 30 minutes of adsorb and for the full 45 
minutes . 

Inlet and Outlet CO 2 and Water Vapor Partial Pressure 

Carbon Dioxide.- The chromatographic standard gas was available from 
earlier programs. Its calibration v;as checked using "spray” cans of certified 
calibration at atmospheric pressure. The data and calibrations are shown in 
Figure 25, After the standard gas mixture was calibrated the chromatographic 
columns were changed, and a new single point recalibration was made using the 
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staiidard gas mixture. Periodic recalibration assured consistent data throughout 
the experimental program. 

The calibration gas was introduced into the apparatus via the fourth 
(unmarked) sample solenoid valve. The calibrated gas flow rate was adjusted 
so that the sample flow rate and (downstream) pressure were identical to the 
rig normal samples. Calibrations were generally stable, drifting perhaps 51 
at most in a month. The most recent calibration always was used for an 
evaluation . 

Water Vapor :- Oiromatographic calibrations were made with a Cambridge 
Dew Point hygron^ter, but the accuracy of the instrument available for the 
small scale tests were questionable even though it was calibrated according 
to the manufacturer's recommendations. It was decided to ignore this instru- 
ment and use conservative data by assuming that the inlet dew point is equal 
to the lowest water temperature in the dew point condenser (Figure 21, TI-ll). 

A calibration curve prepared in this fashion is shown as Figure 26. 


Calculations 


Nomenclature 

V = air flow rate ml /min at rig P 
Pi = Partial Pressure species i 
Hi = Chromatographic peak ht species i 
Pical> ^ical calibration partial pressure and peak ht 
Px = rig pressure 
Xi = mol fr species i 

Vip = species i flow removal, ml/min at rig pressure 
Vi = species i flow, ml/min at rig pressure 
Wi = wt flow species i, gms/min 
Px = rig pressure, absolute units 
^atmstd " PT^essure std atmosphere , same unit as Pj 
Mi = molecular wt species i 
X = flow temp. °C 
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SAMPLE VOLUME: 1/16 ML 

HELIUM CARRIER 40 PSIG 

OVEN 72 °C 

COLUMM - 12 FT PARAPAK Q 
+8 FT PARAPAK T 
DETECTOR CURRENT: 200 MA 

attenuation: X2 
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82,06 atm cm^ 

^ “ gm mo l “K 

^5 = wt sanple, gms 

V5 = volume sanple, ml 

= capacity wt % 

Cyoi = capacity gms species i/1000 ml sample 
CO2 or H2O partial pressure in the feed is: 


p. _ iU 

- H:: 


Hical 


Expressed as mol fraction: 


Y 4 = — = I 

^ Pt Pt Hical 

The flow rate of CO2 or H2O flo\ving to the canister is then; 


Vi - Xi V = p 


V Hi Pjeai 
^ical 


El is the removal efficiency for the i species, so the volumetric gas 
adsorption rate is : 


Ei V. 


HiPical 


ViR = 100 = 100 Pt 

and the i^eight flow rate adsorbed is : 

Pt ViR Ml 


'i ■ iOO Patmstd 


!73 +T] 


Mj V ^i Pjcal 

itmstd P (273 + T) Hi^3g_i 


IVhere the perfect gas law is expressed as: 
PV Wi 
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From this expression a volume capacity and a weight capacity were calculated 
for the adsorption time period: 

= ^^i^ 1000 
^s 

Qvt ” Cyol Us 

10 % 

Assuming ZS'^C feed, for CO2’ 

Cyoi ^ 2.367 X lO'S HcO;;>cal ^COz 

HC02cal 


where 


PC02cal partial pressure of CO2 at calibration 
^C02cal psak ht at calibration 
Hqq„ is inlet peak ht in same units 
Eco 2 ^2 i^^nioval efficiency in percent 
V is air flow, ml/min at rig pressure 
t is time of sorption, min 
W5 is sample gms 
Ug is sample volume, ml 


For water vapor: 


Cyoi = 0.962 X 10“^ EH20 Vt PH20 


^q1 
10 d?7 


where Ef^-Q = removal efficiency for H2O in 
^ percent 


V 

t 


H2O 


= air flow, ml/min at rig pressure 

= time of sorption, min 

= partial pressure of water vapor 
in feed, nunHg 


^5 


= volume of sample, ml 
= sample irt, gms 


53 


Hamilton U 

0lVT$O^ a# UNITCD A*«^cn* 

Standard fl® 


CR-115568 

SVHSER-6040 


Both calculations depend on the linearity of the chromatographic peak 
heights with conposition. Examination of Figures 25, 26 show that the CO 2 
composition is linear with peak heights but the water is not. The maximum 
non-linearity introduces a maximum error of about 101 into an individual 
analysis, with zero error at zero concentration or near the feed concen- 
tration. The probable error in removal efficiency is about +5%, 
insignificant and equivalent in effect to a +1/2°? error in inlet dew point. 

Calculation Sheet .- The Sorbent Evaluator calculation sheet (Figure 27) 
w^as used for all runs. Five calculations were handled on one sheet, along 
with all data exce^ . the actual breakthrough curves. A sairple calculation is 
given below, keyed to letters (a-q) to aid in the description. 

Sample and run identification were first noted (a) . Then the rotameter 
reading and its calibrated flow rate (b) , and then a conversion factor was 
applied to give flow in ml/min (or liters/min) (c) . Adsorption and desorption 
conditions were next noted (d) . Then the CO 2 feed chromatographic peak 
heights (e) , calibration height (f) , Pc02 of the calibration gas (in mm Hg at 
rig pressure) (g) , and a factor (h) (when using other than standard chroma- 
tographic attenuation) were recorded. Similarly for water vapor the feed 
peak height (i) was noted and equated with the dew point which generally was 
taken as the cooling water temperature to the dew point heat exchanger (j). 

The corresponding Ppj 20 then noted (k) from graph or table. 

The removal efficiency was then calculated (1) by tracing on good 
tracing paper the breakthrough curves for water and CO 2 and applying the feed 
composition as sho\^n in Figure 28. Using an analytical balance the total 
area, b\'pass area and adsorbed area were determined, enabling calculation of 
removal efficiency by ratio, 

Tlie factors determined above along with sanple weight and volume were 
tlien inserted in the final equation for COt (m) and H 2 O (n) , leading to a 
volume capacity (p) and a weight capacity (<l) * 


MATERIAL DESCRIPTION 


HS-C is a proprietary sorbent made from commercially available raw 
materials. Tt consists of small (1/2 mm) spheres of a polymeric macro- 
reticular substrate which is coated with a thick, polymeric, liquid sorbent 
made from low molecular weight amines. 

The substrate is Rohm ^ Haas XAD-7 sorbent. It is processed at Hamilton 
Standard by sieving, by washing with deionized distilled water and analytical 
grade metliyl alcohol, and then coated with the liquid sorbent, Efcjw PEI-18 and 
dried. Ultra-pure water is needed for the washing procedure since traces of 
copper adversely affect adsorptive performance. 
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XAD-7 is a polymeric acrylic ester (a relative of Plexiglas and other 
acrylic plastics) in the form of small spheres (typically 1/2 mm aiid smaller) 
whidi have many microscopic fissures, etc. making them veiy porous. They are 
white in color, and crush with moderate difficulty using the flat side of a 
knife. They swell to twice dry volume when wet with water or alcohol. 

Tiie coating is Dow PEI -18, a polyetliylenimine (PEI) of the chemical 

form; 

-GH2-CH2-NH2 (251) 

-CH 2 -CH 2 -NH- (50%) 

-CH2-CH2-Nt[ (25%) 

It is thick and viscous (like cold molasses) with an average molecular weight 
of 1800 (hence PEI -18). 


Evaluation 

Prepared HS-C was evaluated in the small scale apparatus using a set 
cycle. These nominal conditions were: 

Sample Size 

Pcoz 

Air Flow 
Air Pressure 
Air Dew Point 
Bed Temperature 
Desorb Pressure 
C;/cle Times 

The capacities were evaluated according to the procedures of the 
''Calculations" above. As originally reported in monthly reports, the 
small scale apparatus indicated capacities greater than those measured 
in the more accurate large scale tests. Subsequent to the large scale 
testing, the small scale rig was recalibrated and adjusted using standard 
gas mixture used for the large scale tests. Subsequent results appear to 
give quite good correlation at the design operating point. 

MATERIAL VARIATIONS 


Substrate 

The XAD-7 shipped by Rohm 5 Haas was manufactured in batches, and these 
batches have differed Ti their adsorption rate and the particle size of the 



5 ml 
3 mm Hg 
500 ml/mln 
28 in. Hg. 

52°F 

75°F 

50 microns or better at end of desorption 
45 minutes adsorption, 45 minutes desorption 
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finished HS-C. 'Hie maximum adsorption capacity, however, has been constant. 

From a given batch of XAD-7, the largest particles will be 24 to 28 
niesh. Smaller sizes C30-40 mesh) give a slight improvement C 5^) in adsorp- 
tion capacity while the larger substrate (24-28 mesh) has less pressure drop 
(Figure 2) . 


Coating Weight 

With too little coating, all the available pore area is not coated with 
liquid. With too much coating, the excess liquid will tend to clog the pores 
of the substrate. There is, therefore, an optimum coating weight. Further- 
more, this weight differes with substrate batch and particle size. Such 
capacity variations are shown in Figure 2. 


Coating Conposition 


PEI -18 has been chosen as the HS-C coating of choice. Only limited 
tests with other related materials have been run, but it has been established 
that higher molecular weight polymers are not as effective. 

Lower molecular weight polymers have a higher vapor pressure and have 
not been exhaustively explored. However, the sinplest practical amine, TEPA 
Tetraethylenepentamine , showed improved capacities when conqjared to the 
optimized HS-C used in the large scale tests (Series I and II) , especially 
at higher CO 2 partial pressures. Figure 1 shows the ingDrovement in capacity; 
about 5 '6 at P(-02 = S mm Hg. Its vapor pressure is estimated to be 1 micron 
at room temperature; that of PEI -13 is unmeasurably low. Preliminary experiments 
indicate that the vapor pressure of TEPA can be lowered and the coating made 
insoluble by polymerizing the coating in place on the substrate. This pro- 
cedure has been successfully applied to a PEI -18 coating rendering it 
insoluble and permitting steam desorption of the material in a CO 2 concen- 
trator application. This approach was not used here because the 
polvTnerization does not enliance the performance of PEI -18 preparation when 
operating in the vacuum desorb mode, nor is such polymerization necessary to 
keep the coating in place on the substrate. 


Selected HS-C Material 


Run Series I and II (See Large Scale Tests, ji^pendix F) 


Substrate Mesh Size 
Coating Agent 
Coating Weight 
Density 


24-28 mesh 
PEI -18 
24.21 

0,384 gm/cc 
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Run Series III (See Large Scale Tests, Appendix F) 


Substrate Mesh Size 
Coating Agent 
Coating Weight 
Density 


30-40 mesh 
PEI -18 
20.61 

0.378 gm/cc 


Reproducibility,- The techniques for preparing HS-C have been refined as 
a result of the requirement to manufacture a quantity of material during this 
program. Key improvements were made in washing, classifying, vacuum drying, 
and coating. The major contribution to uniformity resulting from the improved 
coating technique. 

Present preparation techniques produce a material with performance 
variations of less than 5^ overall when made to the same formulation. A table 
showing performance of the individual batches used for the 7-day test is shown 
in Appendix B. 
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HS-C LIFE TEST 


Prior to the start of the present program, a 2000 hour life test of 
an early formulation of HS-C material was run in the small scale test 
apparatus . 

Tiie nominal 45 minute adsorb, 45 minute desorb cycle was run, with 
capacity calculated for the first 30 minutes of adsorb only. Table II 
shows the performance during the test, which included a parametric study. 

At the beginning of the test the capacity of the material for CO 2 and 
water measured 1.95% and 1.45% by weight. After 2000 hours, the capacities 
were 2.00% and 6.12%, rcr-pectively. Since these capacities were taJcen from 
the small scale apparatus, the CO 2 weight could not be measured directly, 
so the capacity levels are, as usual, somewhat higher than a large scale 
test would show. Figure 3 shoivs the capacity variance throughout the life 
test. 


SOLVENT TESTS 


Objectives 


Nfaterials used in the spacecraft are likely to have been cleaned in 
organic solvents. It is important that sensitivity of the HS-C to such 
solvents be determined so that proper protection may be given the bed. The 
solvent tests were conducted to determine the effect of large quantities of 
gaseous solvent on bed performance. 


Experimental Method 


Incoming air to the small scale sorbent evaluator was passed over 
liquid solvent prior to entering the apparatus, tending to saturate the air 
to the vapor pressure of the solvent. In one case (Freon 113} the solvent 
vapor pressure was reduced by cooling to 50 ®F, otherwise room temperature 
solvent was used. The nominal adsorption/desorption conditions were run.l 

Bed ^1 was loaded with a preparation similar to those used for Run 
Series III of the la^ge scale tests, 2 and bed #2 was loaded with material 
derived from an earlier batch of substrate used for Run Series I and II. 


^See page 57 
^See page 59 
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After cyclic equilibrium was reached, initial capacities were 
calculated, and then the beds were fed with solvent -contaminated air for 
10 cycles and another capacity was taken. Then the solvent contamination 
was removed and the beds were cycled for about 6 recovery cycles and the 
capacity again measured. 


Results 

Resultant data are given in Table III . Results are more erratic than 
usual with this apparatus because the solvents affected the chromatographic 
columns, confusing the analyses by shifting the baseline. Sometimes the 
solvent caused a slight (ilO^ for CO 2 , -20% for H 2 O) capacity increase and 
sometimes a decrease. There was little correspondence between beds 1 and 2 
even though both saw the same feed composition. Apparent water capacity was 
most severely affected, probably because of the analysis problem, swinging 
±20% from the initial capacity, while CO 2 capacity varied ±10%. 


Conclusions 


After exposure to all three solvents the beds recovered at least 901 
of their original performance in both CO 2 and H 2 O capacity. At most, the 
effect was 10% performance loss, but even this figure is believed pessimistic 
because of the interference with chromatographic analysis preduced by the 
solvents. 


STRUCTURAL TESTS 


Wlien HS-C serves aboard a space vehicle, it must be physically capable 
of ivithstanding the launch environment. HS-C structural soundness tests 
were tlierefore derived from the tests used for the LM LiOH canister, and 
tliese tests were run using HS-C in a LM canister as a part of Hamilton 
Standard's general CO 2 and humidity control program (Independent Research 
and Development). 

The complete test plan and results are given as Appendix A. In summary, 
four types of test were run before and after shaking the canister and no 
degradation was noted. The resistance to dusting was evaluated directly by 
microscopic examination, counting fractured HS-C particles, and indirectly 
by measuring canister pressure drop and apparent density. Ihe adsorptive 
capacity of the material before and after shaking was also measured. 

Tlie results of these tests were all negative. Summary quantitive 
figures abstracted from j^ppendix A are given in Table i. 
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FLANiMABILITY TESTS 


HS-C is a norunetallic material and therelore falls under the jurisdiction 
of D-NA-0002 (Procedures and Requirements for Flammability and Offgassing 
Evaluation of Manned Spacecraft Norunetallic Materials) . 

As part of Hamilton Standard's general CO 2 and Humidity Control Program 
(Independent Research and Development) HS-C material was subjected to 
flammability tests, using the projected shuttle atmosphere of standard air. 


Test No. 


5 

8 


Results 

Description 

Downward Propogation Rate 
Flash and Fire Point 
Materials in Vented Containers 


Results 

Self extinguishing after 
3/8” bum. 

No visible flash below 400° F, 
no combustion below 450°F. 

No ignition when subject to 
the most severe ignition 
source . 


Discussion 


Test No. 2 and 5 are standard tests and were conducted following the 
procedure from D-NA-0002. 

ITie flammability test for materials in vented containers is Test No. 8, 
the pertinent portions of which are quoted below: 

Sample Preparation : 

The container shall be the same size, geometry and material as the 
flight container. 

The equipment to be tested shall be the same, with regard to the 
nonmetallics , as the flight equipment. Electronic parts and similar 
expensive metallic or ceramic entities may be simulated. 

Tlie equipment shall be packaged and positioned in the container in 
the same manner as in the flight article. 
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Ignition Source : 

External Ignition - Any container without an internal ignition 
source. 

Ignition Source - a flame source representative of the worst 
possible S/C fire shall be placed outside the container opposite 
the most coTit)ustible material in the test configuration. Sufficient 
energy shall be supplied to ignite the configuration or assure that 
it will not ignite in actual service. The contractor shall furnish 
analyses to support the selection of ignition sources. 

The described test was performed on a representative HS-C canister 
configuration, which successfully passed. The details of this test are 
described below. 

The proposed HS-C canister design is one which prevents both ignition 
and propagation. It consists of a plate fin type heat exchanger with relatively 
small passages , which contain the HS-C. 
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Screens are placed over both faces at the heat exchanger, and a metallic 
honeycomb is used to retain the screen. In this configuration, the screen 
acts as a flame barrier and the honeycomb prevents propagation. This is the 
configuration used for performance testing. 

A representative model of the configuration described above was used for 
flammability testing. It consisted of three layers of honeycomb, the middle 
layer representing the heat exchanger. 
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THE HONEYCOMB PATTERN 
WAS \S SHOWN ON THE LEFT 


With the passages in a vertical position, a gas burner flame was held 
under the test unit. After a period of about 15 seconds, the screen started 
to glow red and the honeycomb (aluminum) began to melt locally, 

Tne HS-C material began to give off a \'/hite smoke. The flame was then 
removed. Within one minute after flame removal, the smoke e^ elution ceased. 
At no time was there a visible flame from the HS-C, 

The unit was disassembled and the HS-C examined. Approximately one 
layer of HS-C (0.02") was discolored a light shade of brown* 
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TOXICANT TEST 


It is necessary, of course, that the HS-C effluent gas be safely 
breathable in normal operation and in failure inodes. A sanple of HS-C 
effluent gas was taken at the close of the large scale tests (Run Series I, 
cycle 150, p F-13] and analyzed. Similar gas samples were taken from HS-C 
used for Run Series I and II after heating to 180°F with a volume of atmos- 
pheric air simulating the spacecraft cabin according to a preliminaiy 
specification (see Hamilton Standard's Plan of Test, Appendix C) . Later 
sanples from Riii Series III were tested to Specification MSC-PA-D-67-13, 
Addendum 1, lA, 2, 2A, which calls for heating for 72 hours at 155° ±5°F 
followed by a day's cooling prior to analysis. Analysis was made only for 
ammonia. Detailed results of the toxicant tests are given in Appendix C. 


Discussion 


The toxicant analysis in the air volume simulating the shuttle cabin 
levels after 1 , 6 , and 24 hours shows no clear trend of contaminant increase 
except for brominated hydrocarbons . Brominated hydrocarbons , ammonia and 
toluene are the only components which reach undesirable toxicant concentrations. 


150 to 300 gms NH 3 per gram of HS-C were observed in the toxicant tests 
to specification MSC-PA-D-67-13, confirming the ammonia evolution observed in 
the earlier toxicant tests. 


Bromine 

The source of the unsaturated brominated hydrocarbons cannot be HS-C, 
for bromine is not used in the manufacture of either substrate or coating 
agent. It is presumed that the contamination was caused by the heavy 
manometer fluid ABr^ which was used in test rig 88 , The main constituent of 
this material-*- is heavily brominated and boils at 151°C, but it is not 
reported in the gas analyses. The materials reported are the iiiqDurities to 
be expected during the manufacture of ABr^ from acetylene and bromine. 


1 


tetrabromoethane or commonly acetylene tetrabromide 


(ABr4) 
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Mmonia 

y\mmonia almost certainly arises from the HS-C coating agent, which is 
an amine. Subsequent investigation has sho^vn that the batdi of coating 
agent used for Series I tests was contaminated during manufacture with 
ammonia (to about 0.2%), was manufactured in 1968, A newer (1970) batch of 
coating agent was obtained and used to make the HS-C for Run Series III, but 
tests conducted mth this material also produced high ammonia levels. 


Toluene 

Toluene is a kno\im contaminant in the substrate. Most of it is washed 
from the bed during the alcohol wash. Remaining, traces detected 
by the toxicant test probably were vaporized from the depths of the porous 
substrate. This material is expected to be removed if the HS-C is heated 
(without air) to 180°F for 24 hours, Tlie HS-C prepared for Run Series I was 
heated to 135 for 24 hours, and that for Run Series HI for 48 hours. 


Conclusion 


liS-C evolves 150-300 ^ugms of ammonia per gram of HS-C when heated in air 
to 155®F and cooled for 24 hours. High levels of ammonia were also found when 
the MS-C was not cooled prior to analysis. 


Recommendations 


Future HS-C preparations should be fully desorbed during preparation 
at more severe conditions than those expected in flight to remove all 
contaminants prior to contaminant evaluation. Means for reducing or eliminating 
ammonia evolution should be investigated. 
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CONPUTER PROGRAM DESCRIPTION 


INTRODUCTION 


The HS-C computer program predicts water and CO 2 adsorption and 
desoi’ption rates along the length of an HS-C bed, calculating effluent gas 
composition and residual bed loadings as a function of time. Single modes 
or a succession of adsorption/desorption cycles can be calculated. 

The bed can be cooled/heated during adsorption/ desorption by cross -flow 
heat exchange with a cooling/heating fluid. M option for infinite con- 
ductance and flow allows prediction of the performance of an isothermal bed. 
This may be used as a reference point to evaluate system performance. 

Desorption can be by gas purge with a pure inert gas, or with a fixed 
vacuum. Concentration and (for vacuum desorption) pressure gradients are 
calculated along the length of the bed. 


DESCRIPTION AND MATHEMATICAL MODEL 

The following mathematical description of the adsorption and desorption 
of both H 2 O and CO 2 on HS-C illustrates an application of the fundamental 
principles of surface diemistry and reaction kinetics to an adsorption 
phenomena. 


Adsorpt ': on and Desorption 

The rate of mass transport and sorption of gases flowing through a 
packed sorbent bed depends on the following adsorption considerations 
(desorption is assumed to be a reversal of the adsorption process) : 

1. Diffusion of the sorbates to the surface of the sorbent particles 
or beads (i.e. , diffusion through the boundary layer). 

2. Diffusion through the porous beads to the surface sites, 

3. Rate of chemisorptirn at the surface site. 

Experimental studies have shown that step 3, chemisorption, is the rate 
controlling mechanism. The chemisorption process equations in the mathe- 
matical model include the simultaneous adsorption of H 2 O and CO 2 in the 
material as well as a CO 2 enhancement reaction with adsorbed H 2 O. 
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The chemisorption reaction mechanism of HS-C is as follows: 

Tliere are three kinds of sites, X, Y and Z. X sites react only 
with CO 2 ; Y and Z sites only with 1^0, thus, as have been previously 
introduced : 


X C02Cg) 




A. 


X-C02 


( 1 ) 


Y + H20(g) 


Z + H20(g) 


^Y 

^YR 

^Z 

kzR 


Y-H20 


Z-H20 


(21 


(3) 


Production of Y*H20 gives rise to another reaction; 

ky'HzO 

Y'H20 + C02(gl ^ ~ -- Y-H20-002 (4) 

^ ky-HzOR 


For reactions 1 , 2 , 3 , and 4 , the forward and reverse reaction rate 
coefficients (k) have been noted. This mechanism explains the following 
experimental observations : 


1. High capacity for CO 2 removal in the presence and absence of 
H 20 (g) - demonstrated by reaction #1. 

2 . High capacity of H 2 O removal in the presence and absence of 
C02(g) - demonstrated by reactions #1 and #3. 

3. Enhancement of C02(g) capacity by the presence of large amounts 
of H 20 (g) - demonstrated by reaction rf4. 

Mathmatical Formulation 


The equations 
impelmented in the 


for the adsorption/desorption mechanism which have been 
digital computer simulation are: 


Rate Equations 


•dX 


g = (Kx) (PCO2 ) (X}- CKxt) CX.CO2) 


= (Xy) CP^i.(Y) - CK,t) (Y. H 2 O) 
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Rate Equations 


’at = (Kz)(PH20nzVCKzPCZ-H20) 


-dO^^ (Ky.H20KPc023 0r.H20] - Ky.H 2 OROr.H 2 O.CO 2 ) 


out - +^^2*^ 

dt dt dt 

where: ‘*^20 = (^ + ^) "bed 


dWco2^ out = "^t02^ in ■‘^02^ ad 


where 


(^" ^^'H20^) Wbed 


Perfect Gas 
Law 

Arrhenius^ 

Law 

where : 


PV = MRT 


jr _ -E/RT expresses dependency o£ rate constants 
^ on temperature 


Partial Pressure of CO2, nm Hg 


Partial Pressure of H2O, mm Hg 


Site concentrations available for CO9, lb-mole 

^ ^ I 


(X.CO2) = 


Site concentrations not available for CO2, lb-mole 

^^bed 


Site concentrations available for H2O, lb -mole 
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0'*il70} = 


Site concentrations not available for H2O, but 
available for CO^, lb-mole 

^^bed 


CY.iI2O.CO2) = 


Site concentrations not available for COt, lb -mole 


CZ) 


Site concentrations available for lb -mole 


CZ.11,0) = 


Site concentrations not available for II 7 O, Ib-raole 


K 


xr 


Forward rate coefficient for CO2 on X sites, 

1 

min-tnm Hg 

Reverse rate coefficient for CO2 on X sites, 1 

min 




yr 

^'tr 


Forward rate coefficient for H2O on y sites, 

1 

min-mm Hg 

Reverse rate coefficient for H2O on y sites, 1 

min 

Fonvard rate coefficient for H^O on z sites, 

1 

min-mm Hg 

Reverse rate coefficient for H2O on z sites, 1 

ram 


K 


y.Il^O 
S' d LOR 


Forward rate coefficient for CO^ on y.|^ 0 sites, 
min-mm flj 

Reverse rate coefficient for C 0 -, on y.i, ^ sites, 1 

^ ^2^ mm 


72 


CR-115568 

Standard p® svhser-6040 



— 

moles of H 2 O into node 


= 

moles of CO 2 into node 

c 

o 


moles of H 2 O oi^t of node 



moles of CO 2 out of node 

^\l o)iid 
2 

= 

moles of H^O adsorbed 

iid 

= 

moles of CO 2 adsorbed 

R 

= 

3 

gas constant - 555 ft -mm Hg 

ib-mole-®R 

T 

= 

carrier gas temperature, °R 

^o 

= 

rate coefficient independent of temperature 

'^ed 


weight of bed material, lb. 


Vacuum Desorption Pressure Distribution 


Calculation o£ nodal pressures during vacuum deso'i'ption requires 
consideration of pressure gradients through the bed and the void volume 
of the bed. 

The pressure at each end of the bed is specified either as an input 
or can be calculated within the computer program to allow for either single 
or double end vacuum desorption. 

The mathematical model uses the polytropic process equation along with 
the equation of state to relate time rate of pressure change with mass flow 
rate of constituents through the bed 

P 

— ^ = const 
PV = WRT 


73 


Hamilton 

Standard 


CR- 115568 
SVHSER-6040 


'Hic equation relating rate of pressure to mass flow rate becomes 

yRT * y = 1.0 isothermal process 

\ - V " y = 1.4 adiabatic process 

It is assumed in the model that the flow through the bed is laminar and can 
be defined by 

_ A P2 Ptot „ - 

258,000 I a-E)2 Tc 


where: W 


lb moles/min 


^TOT ” average total pressure (mniHg) 

P?in - total inlet pressure (mmHg) 

Pfout - total outlet pressure (irariHg) 

Tg - process gas temperature 
- viscosity (Ib-sec/in^) 

D - bead diameter (ii^ches) 

L - bed length (inches) 

A " bed cross sectional area (in^) 

E - bed void fract ion 

Mathematical Fonnulation 

The equations for the vacuum desorption pressure calculation whicit have 
been implemented in the digital conputer simulation are: 


outlet flow from each node 

(PTi - PTi + i) 

where: + l)/2 

^ A 

^ " 298,000 L (1-E)^ Tg 
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Inflow to 1st node 


= %Pt avg (Pin - PTl) 

Pjavg ~ (Pin "** 

Nble flow of constituents 





%Ci = 


DmCj = %T^ - D[v[h^ 

%q = %COi_i Ci = 2.*.n) 






k - i for positive 
k = i + 1 or negative 




Average nodal partial pressures 


t 



o 


where: V - node void volume, [ft^} 

T - node process gas temperature, (®R) 

R - 555 ft3-mmHg/“R lb mole 

W - net mole flow rate into or out of node void volume 
y " ratio of specific heats (assumed E - 1.) 

- total mole flow rate out of node (lb mole/min) 
^"^avg ** average nodal total pressure (mmHg^ 

- node inlet total pressure (mmHg) 

+ 1 ■ outlet total pressure (mmHg) 

^MI - total mole flow rate into 1st node (lb mole/min) 

- node inlet H 2 O mole flow rate (lb mole/min) 
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%lcj^ - node inlet CO 2 mole flow rate (lb mole/min) 

- node outlet H 2 O mole flow rate (,1b mole/min) 
t>NICOi - node outlet CO 2 mole flow rate (lb mole/min) 


Heat Transfer 


To predict performance of a non isothermal bed a crossflow air- air heat 
exdianger was modeled. Tlie heat transfer analysis is taken from '^Computer 
Analysis Techniques for Spacecraft Adsorption Beds" by R, L. Blakely and 
B. N. Taylor, McDonnell Douglas, March 17, 1969. 


The figure below shows the node structure of the heat transfer model. 


Coolant 
FI ow 



Tlie numl'.er of nodes in the process gas flow direction is equal to the number 
of nodes represented in tlie chemisorption kinetic model. Heat exchanger core 
temperature, bed temperature and the process gas ten^erature are calculated 
at each node. Average coolant gas outlet temperature is also calculated. 

Heat conduction in the axial direction of the process gas is included, and a 
log mean temperature difference is assumed between the heat exchanger 
temperature and coolant gas temperature, as well as between bed temperature 
and process gas temperature. 


Mathematical Formulation, - 


Bed Node Heat Transfer 

( p_ a st ) MbCpb = (WaIRxCp + % 20 x '^«20 * "'® 2 x^“ 2 ^ 
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NETHOD OF SOLUTION 

The transient processes involved in the dsorption and desorption inodes 
are carried out using a finite difference technique employing multiple nodes. 
For each node the rates of adsorption of CO 2 and H^O are calculated based on 
past values of loading and partial pressure, and the heat transfer rates are 
calculated based on past values of temperatures , and the constituent flow 
rates through the bed. Simple rectangular integration is employed to inte- 
grate the rates to obtain the loadings of each constituent, temperatures of 
tlie bed and process gas, and nodal pressures during vacuum desorption. 


%HX*BHX (ThXx - Tf,^) + ^0% * 

X 
A X 




TgOUT^ = 


where : 


U. 


%X 


1+1 


h„ = f f\V > f (W + W + W ) 
^ ^ KhAC-^ AIR H2O CO^ 

hny = f 


A - ^'BHX 


^'^REAC Cp 

Heat exchanger node heat transfer 
^^xpast 


= "tCpc (1 - 

* '^AMbV® "'^HXX^ 


A t 


+ %x%( 

(X-I 5 -X <-ThXx-i X - CX+1) l■"HXJ.^.l Thx^J 
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^com\ - 'I’hXx ® 


-B 


wliere : 


B = ^C%1X 


W^Cpc 


= F G^c) 


PROGRAM CAPABILITIES 

The program predicts either the isothermal or nonisothermal performance 
of a single adsorption period (used for analyzing a brealcthrough curve) , a 
single vacuum or inert gas purge desorption period [hnowing initial bed 
loadings at the beginning of the desorption run) , and cyclic operation with 
either vacuum desorption or gas purge desorption. In addition the program 
predicts CO 2 adsorption in a dry atmosphere and H 2 O adsorption in a CO 2 free 
atmosphere. 


Program Options 


Isothermal Operation 
set ISOT (8) = 0. 

set TCIN (35) = Isotliermal Bed Temperature 

Nonisothermal Operation 
set ISOT (8) =1. 

set TCIN (35) = Coolant Inlet Tenperature 

Single Adsorption Period 
set IND (6) = 0. 

.ADSORB (39) = TMAX (2) 

PIH20 (15) = inlet H 2 O partial pressure 
PIC02 (16) - inlet CO 2 partial pressure 

Single Vacuum Desorption Period 
set IND (6) - 1. 

DESORB (40) = TMAIC (2) 

IDES (7) =0. 

PIH20 (15) = inlet H 2 O partial pressure at end of adsorption 
PIC02 (16) = inlet CO 2 partial pressure at end of adsorption 
PAIR (33) = initial total process gas pressure 
Q (34) = process floiv rate during adsorption needed to 
initialize the heat exchanger 

XJ (9) = number of passes through vacuum pressure calculation 
each system pass 
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Single Gas Purge Desorption Period 
set IND ( 6 ) = 1. 

DESORB (40) = TMAX (2) 

IDES (7) = 1. 

PIH20 (15) = inlet H 7 O partial pressure at end o£ adsorption 
PIC02 (16) = inlet CO 2 partial pressure at end o£ adsorption 
PAIR (33) = Initial total process gas pressure 
Q (34) = purge gas flow rate 

. Cyclic Operation 
set IND ( 6 ) = 0. 

ADSORB (39) = desired adsorb period 
DESORB (40) = desired desorb period 
IDES (7) = 0 for vacuum desorption 

1 for inert gas purge desorption 


PROGRAM RESTRICTIONS 

• Only allows an inert gas purge (cannot use for gas purge with some 

• Does not allow for desorption at pressures above the partial pressure 
of H 2 O and CO 2 * 

« Tlie pressures at each end of the bed during vacuum desorption must be 
specified as program inputs (does not include a simulation for a vacuum 
system). 

• Inlet process gas temperature and inlet coolant temperature are constant 
(specified as program inputs) and can not be varied during the transient, 


INPUT/OUTPUT PARAMETERS 


Input/outpi t parameters for the computer program are listed in 
Appendix D, 


PROGRAM FLOW CHARTS 


Program flow charts for the conputer program are listed in Appendix D. 
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Pi^OGRAM SYMBOL DEFINITIONS 


Program syinbol definitions for the computer program are listed in 
Appendix D. 


PROGRAM SOURCE LISTINGS 


Program source listings and a sample case output for the computer 
program are given in Appendix D, 


SAMPLE CASE 


A sanple case has been processed for cycle 16 of Run Series III Cl^tge 
scale tests) and included at the end of the computer output (Appendix UJ . 

Tlie CO 7 and water capacities predicted by the program well represent 
the observed data of cycle 16, This agreement was achieved by using kinetic 
constants obtained from work with an earlier HS-C material and modifying them 
to fit the data of cycle 16, Proper constants should be obtained for the 
material to be used on the next contract phase before the computer program is 
used to predict performance very far from test conditions. 
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LABORATORY CONCEPT DEVELOPMENT 


The two HS-C materials selected for test in ’’Material Variations" were 
tested in the laboratory in large (5 and 10 lb) and small (2 gm) scale tests, 

llie larger mesh size material was cxJ^iaustively tested in small scale 
tests, with twelve tests exploring performance variations due to changes in 
C02 feed concentration, inlet dew point, adsorption/desorption temperature, 
inlet flow rate, and cycle time. The smaller mesh material was run at 
nominal conditions only during the corresponding small scale tests. 

For the large scale tests, 10 pounds of the larger mesh material were 
extensively, with fifteen parametric tests totaling 219 continuous hours 
(Run Series I) exploring the performance changes resulting from changes in 
inlet air temperature, inlet dew point, bed adsorb/desorb temperature, inlet 
COt concentration, inlet air flow, cycle time, and desorption pressure. 

To explore the effect of bed tliickness, the bed was repacked with 5 
pounds of the larger mesh size material and 22 additional hours of test 
accumulated (Run Series IT). 

Using the smaller mesh size material, a series of seven tests explored 
variations in cycle time, inlet dew point, inlet air flow, and inlet CO 2 
concentration. 228 hours of continuous test were accumulated (Run Series III) . 


SMALL SCALE DEi^LOPMENT TESTS 


The small scale apparatus previously described was used for the 
parametric tests of the HS-C material used in the Series I tests. 


Test Objectives 


The small scale test objectives were: 

• To obtain parametric data prediction of large scale tests so as to 
minimize expensive large scale running time. 

• To obtain parametric data over a wider range of variables than 
convenient with the large scale equipment. 
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Test t c curacy 

Data taken with with the small scale apparatus showed about 201 more 
capacity than was later confirmed ivith the large scale tests. This dis- 
crepancy was reduced by recalibration of the small scale apparatus with 
calibration gas used for the large scale tests. The trends in the parametric 
tests remain valid for they were confirmed in the large scale tests. 'Ihe 
precision of the small scale tests is estimated as -IO^d or better. For 
accurate conparisons necessary during material development phases, the tis’o 
beds are used in a comparative mode. In this manner comparative results are 
obtained that are precise to within ± 5 %, 


Differences Between Large and Small Scale Tests 

Hxcept for test canister configuration and sanple size, there were no 
important differences between conditions set for "nominal” small and large 
scale nins. Inlet gas flow rate was ratioed upivard with sample size, 
.-ysorption cycle time was cut to 30 minutes in the large scale tests because 
at this point CO 2 adsoiption was complete. 


Test Canisters 


Ihe canister for the small scale apparatus was a 1/2 inch stainless 
steel tube (0.035 in. wall) witJi screens on each end. The 5 ml test sample 
(about 2 grams) was 2 in. deep, and desorption was single end only. Ttie 
5 or 10 pound charge of HS-C in the large scale canister was 1-1/2 or 5 in. deep, 
normally desorbed from both ends. The flow passages were 14 in, x 0,15 in. 

Tlie concentration of CO 2 leaving the bed at the start of the adsorb cycle 
was zero for the small scale tests, but about l/o feed composition in 
the large scale tests. This was interpreted as indicative of a large (331) 
by-pass flow around the HS-C in the large scale canister, probably resulting 
from the numerous small (0.15 in.) air flow passages of the large scale 
canister. 


Parametric Data Description 


Parametric data is presented on calculation sheets (T ible IV) . 
and graphs (Figures 4 through 8 ). There are two points each for the CO 7 
and H 2 O adsorption of a given run, one calculated for 30 minutes adsorption' 
time and one for the full 45 minutes. 
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Cri 2 Feed Concentration 

At high levels of P( 2 Q 7 (5 mm) the cyclic capacity for CO 2 was unaffected 
by the PgQ 2 (Figure 4). From 3 mm doivnward the CO 2 cyclic capacity fell 
almost linearly v^ith Pco 2 ' effect resulted from the existence of an 

equilibrium between the rate of adsorption and the rate of spontaneous de- 
sorption as the bed approaches saturation. The rate of adsorption was 
increased as P(-q 2 increases but only in proportion to the adso^tion sites 
which remained unoccupied. Hie rate of desorption increased with the number 
of occupied sites. As Pco 2 rises, most of the sites become filled and when 
spontaneous desorption did occur, a sufficiently high Pcq 2 level (above 3 mm) 
caused rapid readsorption, keeping practically all the sites occupied. 

ITie water capacity showed no clear dependence on CO 2 partial pressure , 
which is consistent with the proposed HS-C model. 

Additional capacity was available for both water and CO 2 as the 
adsorption continued from 30 to 45 minutes. Later results (Figure 8 ) show 
there was little capacity to be gained after 45 minutes, even with 
correspondingly increasing desorption time. 


Dew Point 

Dew point had a large effect on H 2 O capacity. IVhen 45 minutes of 
adsoi*ption was measured the capacity increased from 3.5% to 8% as dew point 
dianged from 40°F to 60°F (Figure 5). This effect is important in maintaining 
cabin dew point as the water latent load increases. 

CO 2 capacity is little affected with humidity, showing curious but 
repeatable slight maximum peaks at 50°F dew point. 


Adsorption/ Desorption Tenperature 

CO 2 capacity depends little on temperature (Figure 6). Water capacity 
is significantly affected, with water capacity at 97°F down to 1/2 or 2/3 
that of 67°F, Ttas effect is not understood, but doubtless arises because 
of the net change with temperature of the overall rates of adsorption and 
desorption. 


Inlet Flow Rate 

Inlet flow rate can affect capacity in t^^fo ways: (1) as flow increases 

a better mass transfer coefficient might improve mass transfer rate and thus 
capacity during a given time; (2) as flow increases more of the constituent 
to be adsorbed is passed througli the bed and thus more may be available at 
the rear of the bed, again affecting the average rate of adsorption and thus 
capacity during a given time (Figure 7), 
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It is difficult to separate the two effects, but it seems clear that at 
^as flow rates over 500 ml/min. , mass transfer is not limiting -- the data 
indicate a capacity decrease with increasing flow rate. A decrease seems 
impossible, and may perhaps be a result of unresolved test apparatus 
inaccuracy. 

At low flow rates the second effect is clearly operative -- capacity 
falls linearly with flow for both water and CO 2 . 
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Cycle Time 

Long cycle times allow generous contact with gases to be absorbed, and 
desorption from deep within the particles within the bulk of the bed. Shorter 
cycle times permit only incomplete desorption; in fact, casual observation 
has established that water apparently is desorbed before CO 2 , On this basis 
tlie CO 2 curve of Figure 8 has been sliaped to show the Low capacity for CO 2 
at short cycle times. Alternately, water capacity is shown rising sharply 
with increasing cycle time, 

At 45 minutes half-cyclc time essentially all the (112 water capacity 
available has been used, for a'', further increase in half -cycle time gave no 
important capacity increase. At 30 minutes the capacity for CO 2 was down 
by 50%. This effect was not nearly as strong in the large scale tests, 
probably due to the thinner half thickness of the bed (L-1/2 or 3/4 inch for 
large scale tests; 2 in. for small scale tests]. 


LARGE SCALE EQUIPMENT DESCRIPTION 


Hamilton Standard’s test rig ^88 ^^^as used for tiie large scale test 
program. Figure 29 shows the exact configuration of the rig. Unused 
sections of the rig which were valved uff are not shown. Figure 30 shows the 
rig in block form, from which its functioning may more easily be understood. 

The test rig provided a stream of air humidified to a constant dew point 
with pressure, flow rate, CO 2 partial pressure, and temnerature under closed 
control. Controlled temperature water was supplied to the test canister to 
provide cooling during ad rption and heating during desorption. Figures 31 
and 32 are photographs of the large scale rig. 


During adsorption (with valves as sho\vn in Figures 29 and 30] CO 2 was 
automatically added to the system from a supply cylinder to maintain inlet 
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COi partial pressure constant even though the capacity of the bed was high 
at ‘'t lie start of the adsorption and low at the end. Total pressure was 
maintained automatically by adding CO 2 free air from a cylinder as necessary 
to make up for ullage losses. 

Automatic cycling was controlled by a flexible timer actuating test 
canister inlet valves and the large desorption valves which connected each 
side of the test bed to a high (10-100 micron) vacuum source. The air flow 
was bypassed ratlier tlian stopped during desorption to minimize disturbances 
within the test rig. 
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Large Scale Test Canister 


The large scale tost ctmister was constructed from a custom-sized 
commercial aluminum heat exchanger fitted with custom-made aluminum transi- 
tion sections. Ihe heat exchanger drawing is shovm in L'igure 33 and the 
transition sections as Figure 34 . 

IIS-C was held loaded in tlie 0.1 inch sections between the 14 in. x 3 in. 
Cins of the heat exchanger and retained by an 80 mesh screen on each side of 
the licat exchanger. Eadi screen was held in place with aluminum honeycomb 
material (1 in. tliick with 3/8 in. hexagonal holes) , in turn supported with 
two 1/2 in. rods across one dimension of the exclianger. Flow was downward 
througJi the exchanger. Hiotographs of the installed cajiister and the open 
canister ready for loading, are shown in Figures 10, 31, and 9. The 

assemblv is sho^vn mounted on the test rig, with the large desorption valves 
visible on the right a 3 id the motorized valves associated with the adsorption 
Flow on the left. Screojis and their supports are not visible. Note the 
ruler added to show the scale of the equipment in both Figures 9 and 10. 


Test Parameters 


All test parameters were automatically recorded on a single strip chart 
except for CO 2 and air cylinder weights, which were recorded manually. Test 
parameters are listed in Table V. 


Flow Pattern 


During the test program., thiere was a lingering, doubt that all the HS-C 
material had sufficient contact with the air stream. Perhaps there were 
areas behind the coolant tubes which did not have enough air flow. 

Reynolds number for the bed was calculated as 5 ^ assuming a particle 
size of 26 mesh. Using electrically conductive paper as an analog of the 
air passage, the flow pattern was predicted by constructing perpendiculars 
to lines of constant voltage which were located experimentally. Hie 
resultant flow pattern about one tube is shoim as Figure 35. Clearly, 
a sat.isfactory flow was obtained around the tubes. 


92 


FIGURE 33 




FIGURE 34 


Hamilton 

Standard 


■r» 


CR-11S568 

SWSER-6040 






\Sif^K 3 l 2 ZZ 

<3 OeTMIvABLC rffOM AMSfllCAN srrct f ALt/M COJ^P , PTFi>, COMAf. 

2 JfnT TO 8S PP£llj'li^ Tight. CHECK BT PR£ To 
:?P--G /.vj: *V A/0 vntBLE lCAkA^c P€PAtli..a.~ 

I WECH PER Ri /‘I I r<- ZZT iOCAL anh£AL at VTCiZt aP£a ,.3.s 

A.OTES 


TEST CCNFIGURATICN HEAceR LAYan* 


I 



Hamilton^ 
Standard ° 


U 

Of UNrT40 Al»CM4if T COni>CM>ATlON 


fi® 


CR-115568 

SVHSER-6040 


LARGE SCALE TESTS 
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TEST PARAMETERS 

Recorder 
Point No. 

Signal 

Type 

Logged 

Units 

Description 

1 

Millivolt 

in. H 2 O 

Canister pressure drop CUP cell) 

2 

Millivolt 

mmHg 

CO 2 partial pressure (outlet) 
(LIRA infared analyzer) 

5 

Thermocouple 

op 

Canister coolant inlet 

6 

Thermocouple 

op 

Air inlet temperature 

9 or 
15 

Millivolt 

mniHg 

CO 7 partial pressure (inlet) 
(LIRA infared analyzer) 

10 

Thermocouple 

op 

Dew point condenser coolant inlet 
temperature 

11 

Thermocouple 

op 

Canister coolant outlet 

13 

Millivolt 

op 

Dew Point 

(Casnibridge 880 Hygrometer) 

14 

Millivolt 

Microns 

Canister Vacuum 

(Stokes -Hastings gauge) 

23 

Millivolt 

psia 

Loop pressure (DP cell) 

24 

Millivolt 

cfin 

Loop flow rate (DP cell) 



hours or 
minutes 

Clock time -- noted on chart manually 
each hour. Chart moved at 10 in/hr. 



cycle no. 

Logged manually on chart each cycle. 


C 02 Weight 
Air Weight 

ft. left Printed on chart, 
on roll 

A Texas Instrument recorder was used with copper- cons tantan thermocouples 
and chart paper ^VTTZO (0-200°F), Millivolt signals from analyzers and pressure 
transducers isrere also recorded on this paper but require a special linear 
scale for interpretation, as discussed below under "calibration.'' 


96 


TABLE V 


Hamilton 

Standard 


DrViSC'y 0> 


u 

UMITED AIRC<?AfEl CUR*'Or9ATlON 




CR-115568 

SVHSER-6040 


Calibrations 

All calibrations were made directly on the recorder without reference 
to intermediate dials and gauges. 

Recorder 
Point no. 

I Canister pressure drop was calibrated using a water manometer 
connected in parallel with the ”DP" cell C^elta pressure’). The 
bypass valve was varied to produce a recorded pressure drop 
signal while water manom.eter readings were manually recorded. 

(See Figure 36). Accuracy was estimated as ±.l in. H 2 O. 

2 LIRA infared analyzer. This unit was calibrated at least once 

every 8-12 hours with 1% and 0^ span gas. Initial calibration 
included a midrange calibration gas, and resulted in Figure 37. 
Accuracy was estimated as -0,1 mm C02* 

5 Canister coolant inlet. Copper-constantan thermocouple, not 
calibrated, but there was agreement with #11 in no load 
condition, ±1°F. 

6 Air inlet temperature. Copper- constantan thermocouple 
calibrated with a thermometer in the thermo^tfell ±.5°F. 

9 Inlet LIRA. See point #2 above. 

10 Dew point condenser coolant inlet. Copper-constantan thermo- 

couples cross checked with thermowell in coolant outlet 
±1/2°F. (Flow was massive.) 

II Canister coolant outlet. Copper-constantan thermocouple, not 
calibrated but checked with #5 in no load condition il°F. 

13 Cambridge 880 Hygrometer. The direct readout dial was 

calibrated on the rig by running in the bypass mode, reducing 
the flow until dew point would not decrease further, i.e. , 
until the temperature leaving the dew point condenser was 
presumably equal to the condenser coolant temperature. 

Adequate humidification prior to this condenser was assured by 
noting that the dew point leaving the humidifier was higher by 
at least a few degrees than that leaving the dew point condenser. 
From this single point calibration a dial correction was 
obtained (^1°F) which was applied throughout the entire range. 
Final calibration was made by noting dial readings and recorded 
chart readings during a run, and plotting as in Figure 38. 
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Canister vacuum (Nlicrons) , A Hastings thermocouple type vacuum 
sensor was wired into the recorder using the voltage applied 
to the local meter readout. A calibration curve (Figure 39] 
was made by noting recorded signals and meter readings. No 
direct calibration was maae, but a general correspondence with 
similar gauges associated with the high vacuum system was noted. 

Loop pressure. The zero pressure reference DP cell^ recorded 
readout was calibrated by reference to a Wallace and Tieman 
zero referencel ±0.1 psia (Figure 40). 

Loop flow. Pressure drop across a venturi type flowmeter was 
measured with a DP cell and recorded, A water manometer was 
connected in parallel and the flow varied over the range of 
interest, noting recorder readings and manometer readings. 
Manometer readings were converted to flow (cfin) using charts 
derived from manufacturer's data, and plotted as Figure 41, 
which was used to read flows from the recorder. 

As a cross check a dry test meter (gas meter type) was 
connected to the outlet flow and the inlet opened to 
atmospheric air. Flovrs measured in this manner are also 
sho\m in Figure 41- 


LARGE SCALE TESTS 


Objective s 

Tlie objectives of the large scale tests were: 

g To establish the capacity of the HS-C bed for water vapor and CO 2 at 
full scale (4 -man system) ; 

« To establish the degradation, if any, to be expected of the HS-C 
material after 7 days continuous operation. This is a rough 
simulation of the 7-day sliuttle mission; 

4 To explore the effect of several operating parameters on HS-C 
performance ; 

^ To provide data for the design development tasks and for verification 
of the mathematical model of HS-C performance. 
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Experimental Msthod 


Tliree separate series of tests were run according to the two test plans 
presented as Appendix E. 

Series I used 8.84 pounds of 24-28 mesh HS-C and fulfilled the 
objectives of the large scale tests. Tivo hundred and nineteen hours of 
cyclic operation were accumulated without degradation including 7 continuous 
days (168 hours). Planned parametric test conditions were run, and complete 
data compiled. At nominal conditions (but with 5 mm CO 2 partial pressure, 
see below, page E-14) a CO 2 capacity of 2.0% by weight was indicated if a 
90 minute desorption time was used. 

Series II used a half bed (4.40 lbs.) of 24-28 mesh HS-C, thus 
decreasing the bed thickness from 3.0 to 1.5 inches to reduce the desorption 
time required for a 2.0% CO 2 adso:ption capacity, Tiventy-six hours of test 
were accumulated, and a CO 2 capacity of 1.9% by weight was achieved with a 
40 minute desorption. 

Series III also used a half bed of HS-C material, but smaller mesh size 
HS-C was used (30-40 mesh). A capacity of 2,0% CO 2 by weight \ias achieved 
with a 40 minute cycle, showing the enhancement of capacity made possible by 
the smaller particles of HS-C. 

Water capacities for HS-C varied with the dew point, but better than 
4.0% by weight was achieved with each HS-C material. 


Data Summary 

Data summary sheets made during test Series I, II fand III are 
reproduced in Appendix F. 


Calculations 


Hie data recorded on the data sheets was conplete except for water 
capacity. This was calculated by integration of the outlet dew point curve 
from the recorder chart. Figures 42 and 43 show the procedure. 

First the recorder chart curve was transferred to graph paper 
with a point every 5 minutes . This curve was replotted as F^o versus time 
(Figure 42) with the aid of the calibration curve (Figure 3^ using ' 
dew point conversions from the steam tables. The feed PH 2 O was obtained from 
the trace just before adsorption and extended through the adsorption 
time. The removal efficiency for H 2 O was then obtained by graphical 
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integration and the capacity for water vapor then calculated as shown in 
Figure 43, 


Parametric Data Discussion 

^pendix F presents log sheets for Run Series I, II, and III. Figures 11 
through 17 are plots developed from this parametric data. These plots are 
discussed below in detail. 


Desorption Time, Temperature, and Vacuum 

Figures 16 and 17 show the effect on capacity of varying desorption 
time at CO 2 partial pressures of 5 and 3 mmHg during run series I which 
employed a 3 in. thick bed of 24-28 mesh HS-C. At 5 mmHg, the shape of 
tlie curve is similar but the capacities are about 15% higher. But even the 
longer desorption times (90“160 min.) leave some of the bed incompletely 
desorbed, as is shorn by the 2.55% CO 2 capacity available after an overnight 
desorption (1000 min.) at room temperature, Inconplete desorption results 
from inadequate desorption temperature, too short a desorption time, or too 
high a desoiption pressirre -- effects which interact in important ways not 
investigated in this study. 

Desorption temperature . - This parameter is believed most in 5 >ortant at 
the shorter desorption times, although the effect of adsorption temperature 
masks the effect when adsorption and desorption are at a single ten^ierature 
(see Figure 12) . At 1000 minutes , Figure 16 shows that a desorption 
temperature of 125°F resulted in only 10% additional capacity, indicating 
that desorption is reasonably complete after 1000 minutes at normal (80®F) 
desorption temperature. 

Desorption time. - This parameter is very iuportaat, because time is 
required for the CO 2 and H 2 O to desorb and diffuse out of the HS-C particle 
and then for the desorbed gases to work their way through the bed to the 
simulated space vacuum at either side of the bed. 


Desoiption pressure.- Figure 17 shows 3 mm CO 2 data in detail including some 
runs with higner desorption pressures at 45 minutes desorption time. The 3 inch 
bed was normally desorbed through 3 inch gate valves on each side of the bed. 

When one was left shut, the desorption performance was decreased, simulating an 
equal weight of bed 6 inches thick when double end desorbed. Desorbing only 
through a 3/S inch I.D. 1/2 inch plastic line (used normally for ullage dump 
decreased the performance still further. 
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Decreasing the bed thickness to 1.5 inches with double-end desorption 
inproved capacity about 5^ (1^ Series II). Decreasing the particle size 

from 24-28 mesh to 30-40 mesh in the 1-5 incli bed Series III) further 
improved performance, giving a 15% increase over tlie base condition, with a 
2% CO 2 capacity at 40 minutes desorption. 

Even tliough powerful vacuum punps were employ id, desorption pressure 
was not instantaneously lowered to the 10-20 micr(jns characteristic for 
termination of a normal desorption. Figure 44 shows a plot of the desorption 
pressure traces from a typical run. Performance in an actual spacecraft would 
be better, provided an adequately large line to space vacuum were provided. 


Design for Desorption 

Hie optimal bed configuration will depend on packaging considerations. 
Hie best performing bed will be the thinnest bed but a 1-1/2 inch bed is 
probably heavier overall than a 3 inch bed due to structural requirements. 

A thin bed gives a low pressure drop during adsorption, which is also 
important since the HS-C is a fine material relative to conventional sorbents 
such as molecular sieve, diarcoal, or silica gel- Hie pressure drop during 
adsorption is shorn in Figure 45 for the bed configurations of each run 
series. The pressure drop of a 3 inch bed is not prohibitively high, about 
tlie same as tJie usual molecular sieve plus silica gel bed and associated 
valving. 


Inlet CO 2 Concentration 

Figure 14 shows the change in CO 2 and water capacity of the HS-C bed 
i^ith clianging CO 2 partial pressure. When the P(X)2 lowered from 3 to 1,5 
mmHg tlie capacity drops about 20%. An increase to 5 mmHg causes a rise of 
about 10%. A further rise would have little effect because at this Pq )2 "the 
rate of adsorption is becoming very mudi greater than the rate of spontaneous 
desorption, allowing each reactive site to be occupied almost all the time. 
Capacity is then independent of adsorption Pco2j depending only on the number 
of reaction sites available. 

Bed temperature .- Figure 12 shows how little bed temperature affects 
cyclic perfoimance for CO 2 . There is nonetheless an important effect due to 
tenperature on both adsorption and desorption , with adsorption capacity 
increasing with decreasing temperature while desorption difficulty increases 
to compensate. Close examination of the performance data when the canister 
temperature was adjusted do^'flaward from 92®F to 67 °F (cycle 1-58 and 59) 
shows a capacity of 1.92% (0.17 lbs.), 20% above the normal cyclic capacity 
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because cycle 59 had a high temperature desorb £ollo\ved by a low temperature 
adsorb, Water capacity shows a significant dependence on bed temperature 
similar to that of the small scale tests, with a reduction of 50% in water 
capacity when the temperature is increased from 66 ®F to 92 ®F. 

Inlet Air Temperature . - Air inlet temperature had no effect on 
performance because the bed temperature is fixed by the coolant temperature 
wliicli was held constant. (See Figure ii) 

Inlet Air Flow .- Increased air flow raised the CO 2 cyclic capacity 
only slightly because the flow was great enough at eacli test condition to 
saturate the bed. Lower flows presumably would show a decreased capacity 
(dashed line on Figure 15) , This effect also shows that gas phase mass 
transfer does not limit the mass transfer. 

The water in the air flow through the bed was not sufficient to saturate 
the bed at all conditions. Therefore the more the flow, the greater the 
cyclic capacity. 

Inlet Dew Point.- Figure 13 shows the effect of humidity on water and 
CO? adsorption capacity. The effects are similar to tliose of the small scale 
tests (Figure 5). CO 2 capacity is almost unaffected, decreasing slightly at 
the lower dew points. Water capacity increases rapidly mth increasing dew 
points, and when the inlet flow is high it increases most rapidly. 

Tlie water capacity of the bed is limited by the water made available to 
the bed and by the adsorption time, for the bed is seldom 'nDroken through.*' 
Tlie level of the inlet partial pressure driving force is also very important. 

Test Data Verification.- CO 2 Capacity: The capacity for CO 2 was 

deteniiined by direct measurement of the CO 2 added by loss from a weighed gas 
bottle. The accuracy of the beam balance used was established by trial for 
small increments (< 2 pounds), using known weights, to be ±.0025 pounds, 
i.e. , a weight could be measured repeatably to the nearest 0.005 lbs. Since 
operator judgment was involved, all operators were confirmed to be equally 
accurate with the balance. 

Since the CO 2 capacity is measured by weight loss from the CO 2 supply 
c>'linder, a leak from that system or even the test apparattis would have 
raised the apparent capacity. Such leaks were carefully eliminated prior to 
data acquisition. Had the problem: occurred during operation it would have 
been quickly noted by the consun^tion of CO 2 during the desorption cycle when 
the test canister was by-passed. There was never such consumption and the 
CO? control system remained under closed loop composition control throughout 
the testing. For an important capacity measurement, as for instance cycles 
190-194 of Run Series III, the weight loss. was taken over several cycles, in 
this case 0.555 lbs over six cycles, giving a final capacity of 0.0925 
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±0.0005 Ibs/cycle. The results on this series were confirmed by an analysis 
of the infrared analyzer inlet and outlet traces for cycle 190 using a 
teclinique analogous to that used for water capacity (Figures 42 and 43) * 

For cycle 190 the removal efficiency was found to be 4.16%, giving a cyclic 
capacity of 0.085 lbs. This is within 10% of the 0.0925 lb capacity 
determined by direct weight, a very satisfactory agreement because the 
difference between the t\^o infrared analyzers was small for all but the first 
few minutes of the adsorption cycle. 

Water Capacity: Water capacity could not be determined by direct weight 
because the test apparatus had a large and variable holdup of liquid water. 

All measurements were therefore made by interpretation of the hygrometer 
traces as in Figures 42 and 43. Since only the outlet reading was taken (the 
dew point of the bypassed stream is automatically presented during a canister 
desorption and is taken as the inlet composition) accuracy requires a constant 
inlet dew point during the adsorption. The test apparatus provides this , and 
it was confirmed by recording the actual inlet dew point during a test run. 
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HS-C SYSTEM DESIGN CONCEPT DEVELOPMFINT 



Hie potential for groirth in mission duration is evaluated for the 
regenerable desiccant system. The schematic used for this evaluation vjsls 
selected on the basis of simplicity and ease of maintenance. It represents 
a minimum in terms of vehicle interface requirements. The objective of this 
phase was to develop and trade-off HS-C system design concepts applicable 
to the Space Shuttle. Experimental data from the large scale tests were 
combined with the latest shuttle specifications to define system constraints, 
and describe a realistic trade study. 


CDNCEPT DESIGN 


Figure 47 presents a schematic of that portion of the total Space 
Shuttle system affected by this study. The schematic shows dual cabin and 
radiator cooling loops connected by an interface heat exchanger. The heat 
rejection loop contains electronic equipment cold plates, fuel cell, 
circulating pumps, a radiator and auxiliary heat sinks. The cabin coolant 
loop contains electronic cold plates , circulating pumps and associated heat 
exchangers. Carbon dioxide, humidity and temperature control equipment are 
shorn within the cabin area. 

Tlie design requirements and range of conditions considered in this 
evaluation are shorn in Table VI. HS-C parametric data from Run Series I 
utilized the system sizing is summarized in Figure 46. 

Hie procedures used to minimize the system weight for each candidate 
concept are shown in Table VII. Included in the optimization were the 
radiator, coolant pumps and interface heat exchanger, as well as the CO 2 , 
humidity and temperature control and ventilation portions of the subsystem. 

At a constant radiator outlet temperature, there is an optimum flow 
rate. As tlie heat rejection loop flow is lowered, the radiator size and 
weight decreases as radiating temperature increases. The cabin heat 
exclianger weight increases as the heat rejection loop flow decreases because 
tlie "log-raean-temperature-difference" in the heat exchanger has decreased. 

As tlie radiator outlet temperature is lowered the radiator gets larger, but 
tlie cabin heat exclianger gets smaller. 

Hie HS-C sorbent system scliematic is shown in Figure 18. Figure 48 
illustrates the best conpetitive system LiOH CO 2 condenser. Design trade 
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DESIGN REQUIREMENTS 


CRB^ DATA 
Crew Size (men) 

Total Metabolic Heat Generation (per man) 
Sensible Nfetabolic Heat Generation (per man) 
(@ 65° F design point) 

Latent Metabolic Heat Generation (per man) 
Carbon Dioxide Production Rate 
average 
maximum 


2 - 14 

540 Btu/hr peaR 
300 Btu/hr peak 

240 Btu/hr peak 

2.2 lb /man -day 
3*8 lb /man-day 


PRESSURIZED COMPARTMENT DATA 
Total Pressure 
Oxygen Partial Pressure 
Atmosphere Diluent Gas 
Carbon Dioxide Partial Pressure Levels 
Nominal 

Maximum normal 

Maximum i.vith single failure 

Maximum emergency (2 hour duration) 

Cabin Temperature (Design Point 65 °F) 

Cabin Humidity (dew point temp.) 

Design point -65°F cabin temperature 
(12 °F less than dry bulb temp.) 

Cabin Volume (4 men) 

Minimum Ventilation Flow Rate 
(see ventilation section) 

Trace Contaminant Control Penalty (charcoal only) 


14.7 psia 
3.1 psia 
Nitrogen 

5.0 mm Hg 
7.6 mm Hg 

10.0 mm Hg 

15.0 mm Hg 
65° to 75°F 
40° to 57°F 
53 °F maximum 

1000 ft3 
400 cfin 

0.167 Ib/man-day 


VEHICLE DATA 

Cabin Wall Heat Load (Except for reentry) 

Air Cooled Electronics Heat Load (less EC/LSS load) 
Cold Plate Cooled Electronics Heat Load (cabin) 

Fuel Cell Heat Load 
Power Penalty 
Fixed Weight 
Expendables 
Coolant 

Cabin cooling loop 
Radiator cooling loop 


1700 Btu/hr 
3400 Btu/hr 
8800 Btu/hr 
30,000 Btu/hr 

286 Ib/kW 
1.96 Ib/kW-hr 

Water 
Freon- 21 


table VI 
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Radiator Weight Penalty (IVT) 


WT 

A 

Ts 

K 

W 

Cp 

B 


C 

TRI 

TRD 

F 


= A X W X Cp X tB-C) %✓* lbs . 

= F X Tg/K v^lbs-hr“°lVBtu 

= Equilibrim surface temp ®R 

= Radiator Influx Btu/hr-ft^ 

- Radiator coolant flow rate lbs /hr 

^ Radiator coolant flow specific heat%*^Btu/lb-°R 


1/4 IXL 


TRD 

I 


TRD" 


TRI 

Tc 


- 1 


TRT 


+ 1 


1/2 


/TRI 


tan 


-1 


VTs 

Radiator Inlet Tempw^°R 
Radiator Outlet Tempw^°R 
Ibs/ft^/Fin efficiency vTk lbs/ft2 


TRD 

Ts 


For Nominal Conditions 

A = 7.05 lbs"hr~°R/Btu 

Ts = 490 °R 


TABLE VI 
(CORTINUED) 
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OPTIMIZATION PROCEDURE 


1. Assume heat rejection loop flow rate, (freon) 

2. Assume radiator outlet temperature, 

3. Calculate interface heat exchanger heat rejection loop inlet temperature 
(size sublimatoT, if required). 

4. Assume interface heat exchanger water outlet temperature. 

5. Size/optimize CO 2 and water removal components. 

6. Optimize cabin heat exchanger to find optimum air flow and outlet air 
temperature . 

7. Calculv^te water loop temperatures and pump power and weight. 

8. Size interface neat exchanger. 

9. Calculate heat rejection loop temperatures and pump power and weight. 

10. Size radiator (use cryogenics if area exceeds 900 ft^) . 

11. Calculate total system equivalent weight. 

12. Repeat steps 4 through 11 until optimum temperature is found. 

13. Repeat steps 3 through 12 until optimum radiator outlet temperature is 
found. 

14. Repeat steps 1 through 13 imtil optimum flow rate is found. 


TABLE VII 


118 


CYCLIC CAPACITY LB H 2 O/LB HS-C OR LB CO 2 / LB HS-C 




Hamilton 

Standard 


U 

UP umrco airqhahi corpo^aton 




CR-115S68 

SVIiSER-6040 


HS-C LARGE SCALE PARAMETRIC TESTS CYCLIC CAPACITY 



GAS FLOW RATE CpM/LB HS-C 


FIGURE tf6 


19 


V 







FIGURE 47 
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SCHEmilC OF COMPETITIVE SYSTEM LiOH CONDENSER 
USED FOR TRADE STUDY 
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results are sho\vn in Figure 19 and 20, System total equivalent weight, is 
plotted as functions of crew size and a two-day emergency period is included 
in addition to the mission length. Since the water and CO 2 removal capability 
depends on the size of tlie HS-C bed the CO 2 and water generation rates de- 
termine tJie bed size. If the latent (water) load in the cabin is high, the 
large HS-C bed needed to control water will easily handle the CO 2 requirement 
and the P(^q 2 will fall below the nominal level. Conversely when CO 2 sizes 
the bed the cabin PH 2 O will fall below nominal and possible out of specifi- 
cation. Fortunately this situation can be avoided by lowering air flow 
tlirough the canister (See Figure 46) . 

For the current shuttle requirements , computer results show that water 
removal alone determines the HS-C system size. The LiOH condenser subsystem, 
however, is sized by CO 2 removal. For a six-man seven-day, two-day emergency 
mission, the total equivalent weight for the HS-C subsystem is 1890.7 pounds. 
Tlie equivalent weight for a LiOH condenser subsystem is 2091.4 pounds. The 
IIS-C subsystem maintains a lower dew point, requires less flow rate, and 
utilizes a smaller radiator heat sink. 
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APPENDIX A 


PLAN OF TEST ^ TEST DATA 
HS-C STRUCTURAL TESTS 
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rtS F-0J7 
TEST NO. 


HAMILTON STANDARD 


CR- 11 5568 
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plan PACPAHtD BY: H. Kolnsjp^rf 


PROJECT ft ORDER; 


HS-C Structural Tests 


APfNOvep av; 


JHSTRUCTtON: 


TEST 


Time period: ,to 

1. WHAT IS ITEM 01, IMG TESTED* 

5. miHY IS TEST BEING RUN"' WHAT WILL RESULTS SHOW OR BE UstD 

3, DESCRIBE test set UP INCLUDING INSTRUMENTATION. ATTACH SKETCH OF INSTALLATION. 

4. ITEMIZE RUNS TO BE MADE GIVING LENGTH OF EACH AND READINGS TO BF. TAKEN. 

5;,, special instructions; safety PRECAUTIONS FOR OPERATORS AND HANDLING EQUIPMENT. 
OBSERVATIONS BY SIGHT. FEEL. OR HEARING. LIST POINTS OF OBSERVATION WHICH MIGHT 
CONTRIBUTE TO ANALYSIS OF (a) PERFORMANCE OF UNITS, t D) INCIPIENT TROUBLE BEFORE 
IT OCCURS, and Ic) CAUSE OF FAILURE. 

6, HOW WILL DATA BE USEO OR FINALLY PRESENTED’ GIVE SAMPLE PLOT. CURVE, OR TABULATION 
AS IT WILL BE FINALLY PRESENTED, 

t 

NUMBER ENTRY AS LISTED ABOVE AND DESCRIBE BELOW 



st item is virgin HS-C CQ^ ad s orbing desiccant. 


Test Ob.lectlve 


; tests is to demonstrate • 


not be significantly structurally damaged or opf.' rationally degraded 


for lunar launch and boost used in testing hardware. 



The vibration test described here ti will be conducted in the Hamilton 


ndard Vibration facilitv. Rif, number 26 • All other tests will 





will be as shown in Figure 1. 


The pressure drop test set-up will be as shown in Figure 2. 


The vibration test set-up will be as shown in Figure 3* 
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In order to minimize the amount of materiel required for testing, the 
loliowing sequence of testing will be followed; 


Configuration 
Apparent density 
^Adsorption 
Pressure Drop 
Vibration test 
Pressure drop 
^Adsorption 
Confugurstion 
Apparent density 
* Adsorption tests may be 

4.0 Test Procedures 

4. 1 Configuration Test 


pre- vibration sample (l ml) 
pre- vibration sample (lOO ml) 
pre- vibration sample (5 ml) 
pre- vibration canister (6 lb) 
canister 

post- vibration canister 
post- virbation sample (5 ml) 
post- vibration sample (l ml) 
post- vibration sample (lOO ml) 
run simultaneously. 


Extract a 1 ml (or a minimum of 100 beads) sample at random from the test 
volume . 


Spread sample to single bead thickness and examine under at least lOX mag- 
nification. 

Record number and percent of beads with Irregular surfaces. Note type 
(raised bumps, chips, cracks) of irregularities. 

4.2 Apparent Density - (per ASTM C136-46) 

Extract a sample of approximately 50 gm from the test volume and weigh 
to the nearest 0.1 gm. Record weight. Transfer sample to a clean, dry 500 ml 
glass graduated cylinder. Incline and rotate the cylinder until the sample 
flows freely. Level the sample in the cylinder by tipping the vertically 
held cylinder back end forth without tapping or jarring. Determine and 
record sample volume in ml. 

The apparent density is equal to the sample weight divided by the sample 
voliane. 

4. 3 Adsorption 


Extract a sample of approximately 5 nil from the test volume and install 
in the laboratory test rig. Set the following test conditions: 

Pco2 - 3 nnn Hg 

Air flow - 500 ml/min 

^totsl - 28 in Hg 

Air inlet dew point - 52^ 

Bed temperature - 75*^ 

4 Cycle time - 45 min 
^desorb - 50 micron max. 
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i ^-.3 Adsorption (continued) 

Run test for three edsorb-desorb cycles. Report capacity data on sorbent 
evaluator calculation sheet. 

Pressure drop 

Install approxlinetely 6 pounds of the sample volume in an SVT^2060 (IM 122) 
cartridge. Fill cartridge to within l /8 inch of the cartridge cover 
cushion disc. Do not tap or jar cartridge during filling. 

Install filled cartridge in SVT^StTO {IM 110 ) canister and install cartridge 
in test rig as shown In Figure 2. 

Adjust flow of nitrogen to 25 cfm or to a pressure drop of 5 inches H^O 
across the canister, whichever occurs first as the nitrogen flow is increased. 
Record nitrogen flow and canister P. Repeat fan 20 cfm (or 4 inches HgO 
A P) and 30 cfm (or 6 inches HgO A P) , 

4. 5 Vibration Test 

Install the HS-C loaded cartridge (Paragraph 4.4) in the test structure ’ 
as shov?n in Figure 3- 

Vibrate the test item such that the vibration inputs at either control 
accelerometer location are at the following levels; 

X-axis random vibration - 1 minute 0 12.4 g RMS 


20 - 265 Hz 
265 - 750 Hz 
750 - 850 Hz 
850 - 200 Hz 

Sinusoidal vibration - 

.005 g^/Hz 
-rl2 db/octave 

.3 g^/Hz 
-12 db/octave 

3 octave/min 

5 - 

14 Hz 

.2 in D.A, 

14 

100 Hz 

2G 

ICO - 

14 Hz 

2G 

14 - 

5 Hz 

.2 in D.A. 


Filter the control accelerometer during each test. Filter other accelero- 
meter outputs during playback. Plot control and response data to slow 
filtered g*s versus frequency for sine date and g^/Hz versus frequency 
for random data . 

5.0 Special Instructions 
Not Applicable 

6.0 P ats Presentation 

Tabulate the test results to show ^ of beads with irregular surfaces, apparent 
density in gm/ml, CO 2 adsorption in ^ by weight and gms/liter, and pressure 
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6.0 Data Presentation (continued) 

drop across the canister in in. H2O for each of three gas flow rates for 
samples taken before and after the vibration test. 

Figure 1 

Lab Rig Schematic (Adsorption Test) 


PREHE^TEI^ D.P. COblDlTlQKlER FLoW'COiJT. FLOWMETER 
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When location "A" is used as the control accelerometer, location ”B" 
shall be used for response date and vice versa. 

Cartridge Installation Procedure 

1. Back off adjusting screws to clear canister. 

2. Position .01^+ shim between screws and canister, 

3. Adjust each screw until shim is snug between screw and canister. 

4. Beck off screws only enough to remove shims. Turn each screw clockwise 

180° +0°, -15°. 
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PROJECT 
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REPRODUCIBILITY 


For preparation of MS-C for Test Series III, five batches vfere made. 
Capacity tests at standard conditons (p 53) showed excellent reproducibility 
as shown in Table B-T. 




SERIES III LARGE SCALE PREPARATION S1M!ARY 


Preparation 

I'Aanber* 

CO 2 Capacity 
1 by Wt, 

H 7 O Capacity 
1 by Wt. 

Density 

rM 

P-9130- ri-A 

1.96 

4.60 

.372 

P-9130- I I-B 

1.90 

- 

.374 

P-9130- III-A 

1.88 


.376 

P-9130- III-B 

- 

- ' 

- 

P-9130- IV- A 

1.87 


.378 

P-9130- IV-B 

- 

■ - 

- 

P-9130-V-A 

1.88 

- 

.388 

P-9130-V-B 

- 

- 

- 

P-9130-VI-A 

1.89 

w ; 

.378 

P-9130- VI -B 

1.86 

- 

.378 




*NOTE: This Series was prepared in 1.25 pound batches which were ^ven the designation, i.e., 

P-9130-11. Each batch was stored and subsequently tested in 0,50 liter containers 
labeled, i.e., P-9130-II-A or P-9130-II-B. 
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AMMONIA TESTING PER D'NA'002 
TOXICANT TESTING 
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Test Procedure 


AM^IA TESTING 


1. HS-C was tested for anroonia as follows. A 5.0 gram sanple of resin 
was placed in a lOOOcc stainless steel cylinder and evacuated to 

38 mm pressure, back filled to 14.7 psia with bone dry air and 
stored at 155*’F for 72 hours. The pressure was vented to 14.7 psia 
after an initial heating period of 2 hours. Following tlie heat scak, 
tJie container was removed from the oven and stored at room temperature 
for 24 hours. A sample of the gas over the resin was then transferred 
to a 10 cm. IR cell (10 psia pressure) . 

2. A NASA standard gas was used to calibrate HSD IR equipment at 500 ppm 
NHj in a 10 an cell. 

3. A newly purcliased HSD gas was used to calibrate HSD IR equipment at 
94 ppir. Agreement with NASA’s 500 ppm sanple was <*10% cm cell. 

Test Results 

1. 'TVet HS-C*, when tested to D-NA-002 gave 2120 ppm Mij above HSD 
sample containers. 

2. "Dry IIC-C"**, when tested to D-NA-002 gave 1200 ppm 
test. 

3. "Wet HS-C, after test, was evacuated for 30 minutes and let up to 
room air for 30 minutes equilibration. This gas then measured S 10-20 
ppm NHj when a 5x expansion was used with the 10 cm IR cell. 

4. "Wet HS-C gives 267 microgram NH 3 

gm sanple 

"Dry HS-C’ gives 152 microgram NH 3 when data from 4. and 5. above are reduced 
~ gm sample ~ 


*Equilibrated 24 hr* in N 2 with 50®F dewpoint H 2 O 

**Evacuated 24 hr. at room temp. 
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CORRESPONDENCE 


PiMse address answer to 
Mail Stop Mn la* 2-5 

December 30, 1971 
SVME 623 


Four gas samples, one from rig 88 and three from an outgassing study on HSC Sample 
Prep 7489-92 (tested in rig 88) vere sent to Analytical Research Laboratories, Inc., 
160 Taylor Street, Monrovia, California for toxicant analysis ♦ The results of the 
gas analysis are given in the attached repoart. The results of a blank analysis on the 
empty sample cylinders prior to the actual test are also Included. The conditions 
under which the rig 86 sample was taken are available from Advanced Engineering; the 
procedure by which the HSC samples were obtained is as follows: three separate 

samples of 0.20 g of HSC were heated for periods of 1, 7 and 24 hours in a test rig 
of total volume of O.O5 cu. ft, at 180“F in air at 7^0 mm. The test rig consisted of 
a 400 cc stainless steel cylinder containing the sample and which was placed in an * 
oven. This was connected to a 1000 cc stainless steel cylinder by a short length 
(8 In) of SS, l/4" tubing which was outside of the oven. 


In the case of the sample heated for 1 hr., a portion of the larger cylinder was im- 
mersed in liquid nitrogen for the duration of the test. The same procedure was followed 
during the last 2 hrs. of the 7 hr. test and the last 4 hrs. of the 24 hour test. This 
procedure was uised to provide a driving force for the transfer of the offgassed products 
from the small cylinder through the tubing connecting it to the larger cylinder. 


The presence of the .brominated compounds in the HSC sample is explained on the basis 
that this sample had been tested in rig 88 where it adsorbed and held these contaminants. 

If the brominated compotmds are neglected, the HSC samples still fall the test on the basis 
of the ammonia content, aromatics and total hydrocarbons* 
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Maximum allowable toxicant levels^ HSC 



Material 

Carbon Monoxide 

Total Hydrocarbons 

Ethylene Glycol 

Halocarbone 

Inorganic Acids 

Aromatic Hydrocarbons 

Ketones 

Ammonia 

Aldeli^es 

Oxides of Nitrogen 
Hydrazine 
Alcohols 
2-butanone 
Carbonyl Fluoride 
2-methyl butanone 

1.1. 2- trichloro ethane 

1.2. 2- trif luoroethane 
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ANALYTICAL RESEARCH LABORATORIES, INC. 


160 TAYLOK aTltCCr. 6.0. OOX 34V, MONNOVIA, OALIfONNIA 9tOI4 • 111 MV*3t47 


Lfib/Shippor 
Iioy Number 

i010^2 


MiU.orial/SiunpIo Identity Date Received 

Hamilton Standard/4 gas cylinders 10/21/71 

F.O. or R.P* Nisnbor Req^ontod By 

SS008576NL Armand Ruby 

Work Order Sample Oinpofiition Nature of Hasord Due Bate 

5098-01 O Retain Roturn_CLPeBtroy 


Ship To: 


Hamilton Standard, P. O. Box 343 
Windsor Locks. Connecticut 06096 



Nature of Work .and Ixifoxmation Desired 

Background Sampling of Gas Sample Cylinders 


SUMMARY OP. LABORATORY REPORT 

The four sample cylinders received from you were evacuated tO approximately 10*^ torr. 
flushed twice with helium, filled to 15 psig with helium, and transferred to an oven 
maintained at 35 C for 12 hours. Following this exposure, the bottles were placed 
on a gas chrematograph gas sample system and their contents cryogenlcally trapped 
for analysis. These analyses are shown on the attached tables. The values reported 
are the total micrograms of each component found in the one liter of gas transferred 
through the cryogenic trap. 

This document and the attached data represents a certification of the trace analysis 
and cleanliness on the examined gas cylinders. 

These sample cylinders were returned for sampling the outgassing of your sorbent 
bed. We are looking forward to an early receipt of the colleoted iamples. 
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ANALYTICAL RESEARCH LABORATORIES, INC. 
160 Taylor Street, P,0. Box 369 
Monrovia, Calif. 91016 


Laboratory /Shippe r 
l/9g Number 


101022A 


Material/Sample Identity 

Hamilton Standard/1+ gas samples 

Date Received 
12-3-71 

^.u. or K.F, Number 

ssoo85T6nl 

Kequestea i5y 

Ron Corriveau/cG : Armand Ruby 

Work Order 

5098-01 

1 Sample Disposition 
1 □ Retain □ Return DDestroy 

Nature of Hazard 

TXie HaTe 


Ship Tot Hamilton Standard, P.O. Box 3^3, 
Windsor Locks, Connecticat 06096 


Mark For: 


Nature o^ Work and Infoimation Desired 

Trace Gas Analysis of Supplied Samples 

Sunmary of Laboratory Import ' 


The Pour gas samples vere divided on a vacuum rack to provide aliquots for 
at least tvo gas chromatographic examinations one for wet chemical and one 
for mass spectrometric analyses. The results of these studies are found in 
Tables 1-3. 


Tire brominated compounds listed in Table 1 were identified by mass spectro^- 
metry. The dlbromoethylene compounds were unequivocably identified, but the 
assignment of the proper isomers could not be made by mass spectrometry. The 
cis and trans isomers of 1,2 dibromoethylene were assigned primarily because 
the resolution of these two peaks by gas chromatography indicated a probable 
spread in boiling points. The 1,1 isomer’s boiling point is quite close to 
that of the 1,2 isomer, while the cis-trans isomers offer a larger spread. 

It could, however, be considered equally significant that in samples 2,3 and 
1+ only one isomer was present. Since the cis-trans forms are generally ming- 
led, a choice of the 1,1 and 1,2 isomers might be indicated. 


The unknown listed in samples 1 and 2 is the same compound. It was not re- 
solved by gas chromatograph from the tribromoethylene peak, and was not 
Identified by mass spectrometry. There was some indication that it is probably 


Analyst 

Date 

Approved^^ 

Invoice No. 

C. L. Deuel 

12-22-Tl 

— 
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SAMPLE NUMBER 


Compound 1. 

R1G88 11-17 

2. HSC 7 hrs. @ 180° 

3. HSC 24 hrs. @180° 

4. HSC 1 hr. (S 

Methylene Chloride 

- ' 

3.8 

0. 039 

- 

Methyl Chloroform 

0. 0067 

0.0015 

0.026 

0. 0080 

Tetrachloro ethylene 

0. 00027 

. 

0. 097 

0. 37 

1, 1 Dichloroethiine 

0. 00057 

- 

0. 0009 

- 

Trans dibromoethylene 

770. 

- 

- 

- 

Cis dibromoethylene 

820. 

2.2 

0.2 

0. 0022 

T ribromoethylene 

1350. 

62. 

100. 

39. 

T oluene 

0. 30 

0. 82 

1. 1 

1. 5 

Methyl alcohol 

0. 026 

- 

0. 51 

0. 73 

Isopropyl alcohol 

0. 48 

0. 50 

0. 076 

0. 089 

Acetone 

0.67 

0. 92 

0. 65 

0. 80 

Unknown 

6. 5 

.13 

• 

- 

Carbon Monoxide^ 

N. D. 

N. D. 

N. D. 

N.D. 


D. » None Detected/ or less than 5 ppm with the analytical system used. 


TABLE 1 
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MASS SPECTROMETRIG ANALYSIS OF HAMILTON 
STANDARD SAMPLES, Vol % 
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sample number 


Cornpound 

1. R1G88 Il«17 

2. HSC 7 hrs. @180% 

3. HSC 24 hrs. @ 180% 

4. HSC 1 hr. (£ 

Hydrogen 

0. 14 

N. D. * 

N. D. =5^ 

N. 

Helium 

N. D. * 

0, 05 

0, 45 

0. 05 

Nitrogen 

79.2 

78.1 

77.8 

77.9 

Oxygen 

20.2 

20. 8 

20. 7 

21.0 

Argon 

0. 03 

0.91 

0. 90 

0.90 

Carbon Dioxide 

0. 38 

0.11 

0. 17 

0. 15 

Water 

0. 04 

0, 01 

0. 04 

0. 03 


D, • None Detected, <. 005% 


180 V 


TABLE 2 
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WET CHEMICAL ANALYSIS OF HAMILTON STANDARD 

SAMPLES, ppim 


Compound 


Ammonia 


Oxides pf Nitrogen 
(as NO2) 

Aldehydes (as For- 
maldehyde) 


SAMPLE NUMBER 


L R1G68 11-17 2. HSC 7 hrs, @ 180 F 3. HSC 24 hr 3 . @ I80°F 4, HSC 1 hr, @180°F 


TABLE 3 
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APPENDIX D 

INPUr/CXTTPUT PARAME1ERS 
FLOW CHARTS FOR COMPUTER PROGRAM 


I 




eXVlKON Of AfHCKAf-1 CDWPO»*TION CR‘115568 

Standard A® svhser -6040 


iNPirr/cxrrpUT PARA^CTEFS 

Input Parameters 
Program Control Constants. - 

Data Loc. Symbol Definition Units 

1. DT Calculation time interval min 

2. TMAX Maxiiiun time duration of transient min 

f 3. PRINT Input 1.0 to print system output variables 

I each DT; input N to print system output 

I variables each N(DT) minutes (N**any positive 

I integer) 

f 4. PLOT Input 0. - No printer plots outputed 

\ Input 1. - Printer plots specified in 

I section 1.2 outputed 

I 

] 5, FN Number of nodes 

6. IND Input 0. - system initially adsorbs 

Input 1. - system initially desorbs 

7. IDES Input 0. - system vacuum desorbs 

Input 1. - system gas purge desorbs 

8. ISOT Input 0. - system performs isotheimally 

Input 1. system performs nonisothermally 

9. XJ Number of passes through PVAC each system 

pass 

12. PRILST Same as print but for last full cycle. 

• . ^ .... 

Initial Conditions. - 

11. ICXC Initial loading of OO 2 on X sites % 

12 . ICYH Initial loading of H 2 O on Y sites % 

13. IC2C Initial loading of H 2 O on 2 sites % 

D*1 
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Data Loc. 

Symbol 

Definition | 

Units 

14. 

ICYHC 

Initial loading of CO 2 on jvHZO sites 

% 

15. 

PIH20 

1 

Inlet Partial pressure of 

l * 

itiiHg 

16. 

PIC02 

Inlet partial pressure of OO 2 

nntig 

Program Constants 

1 . 

1 

* " i 


21. 

XOL 

Ultimate loading capacity of CO 2 on 
X sites 

% 

22. 

YOL 

Ultimate loading capacity of H 2 O on Y sites 

1 

23. 

ZOL 

Ultimate loading capacity of H 2 O on Z sites 

% 

24. 

KX 

Forward rate coefficient for CO 2 on 
X sites 

1 

Mazin' 

ffllrlg 

25, 

KXR 

Reverse rate coefficient for CO 2 on 
X sites 

1 

TdllHg 

26. 

KY 

Forward rate coefficient for H 2 O on 
Y sites 

1 

IITIlHg 

27, 

KYR 

Reverse rate coefficient for CO 2 on 
Y sites 

1 

min 

28. 

KYH 

Forward rate coefficient for OO 2 on 

1 



YH 2 O sites 

min-imtlg 

29. 

KYHR 

Reverse rate coefficient for CO 2 on 
YH 2 O sites 

1 

mm 

30. 

KZ 

Forward Rate coefficient for H 2 O on 

1 



Z sites 

min-inrnilg 

31. 

KZR 

Reverse rate coefficient for H 2 O on 
Z sites 

1 

mm 


V* 
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Data Lx)c. 

Symbol 

Definition 

Units 

32* 

MZT 

Bed weight 

lb 

33. 

PAIR 

Process gas pressure at bed inlet 

mrHg 

34. 

Q 

Process gas flow 

ft^/min 

35. 

TCIN 

Coolant inlet temperature 

°R 

36. 

TGI 

Process gas inlet temperature 

°R 

37. 

PIN 

Bed inlet total pressure during vacuum 
desorption 

mmHg 

38. 

POUT 

Bed outlet total pressure during vacuum 
desorption 

niiiig 

39. 

ADSORB 

Adsorption cycle time 

min 

40. 

raSORB 

Desorption cycle time 

min 

41. 

VB 

Bed void volume 

ft^ 

42. 

XMU 

Viscosity 

lb-sec/in2 

43. 

DIA 

Bead diameter 

inches 

44. 

LB 

Bed length 

ft 

45* 

WeTOT 

Coolant flow rate 

Ib/min 

46. 

CPC 

Specific heat of coolant flow 

BTU/lb-®F 

47. 

LB 

Bed length 

ft 

48. 

ABHXT 

Heat transfer area between bed 
and heat exchanger 

ft2 

49. 

AAMBT 

Iteat transfer area between heat 
exchanger and anbient 

ft^ 

50. 

WHX 

Heat exchanger core weight 

lb 

51. 

WEED 

Bed weight 

lb 

52. 

CPHX 

Heat exchanger specific heat 

BTU/lb-°F 

53. 

CPBED 

Bed specific heat 

BTU/lb- ‘“F 
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Data hoc. 

Syiri>ol 

Definition 


Ulits 

54. 

AB 

Bed cross sectional area 


ft2 

55. 

AHX 

Heat exchanger cross section area 


ft^ 

56. 

KB 

Bed axial conductance 


BTU/min-ft“°F 

57. 

KHX 

Heat exchanger metal thermal conductivity 

BTU/min-ft-®F 

58. 

IAMB 

i^ient tenperature 


OR 

59, 

HAMB 

Aribient heat transfer coefficient 


BTU/min-ft2 op 

60. 

NPTl 

No. of points in vs curve 



61. 

NPT2 

No. of points in vs ''^c curve 



62. 

PRLAST 

Darling last cycle print every PRLAST (1^) 

N.D. 

03 s 

A 

Cross sectional area of bed 


in.2 

64. 

E 

Void fraction 


N.D. 


Curve Inputs. - 

1. Heat transfer coefficient, % vs flow rate 

Data Location Input 

101 to 120 Values of flow through bed (Ib/inin) 

121 to 140 Values of heat transfer coefficient 

corresponding to values of flow in 
data location 101 to 120. 

2, Heat transfer coefficient, h^- vs coolant flow rate 

Data Location Input 

141 to 160 Values of coolant flow (Ib/min) 

161 to 180 Values of heat trimsfer coefficient 

corresponding to values of flow in 
data location 141 to 160. 

A description of the subroutine iOAD follows along with an exajiple of the 
inputing of data. The exainple used is for the test case included in the 
source listings. 
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NAME: 

CATEGORY: 

TITLE: 

PURPOSE: 

METHOD; 


USAGE: 




u 

n AiNfMAM luwitirvAfnN 


LOAD 

Input/Output 
Standard Load Routine 

Tliis routine loads a variable amount o£ floating point 
decimal input. 

To load variables, 2 dimensional or 3 dimensional or 
arrays programmer must use qEQUIVALENCE statements to 
assign these parameters storage as part of the one 
dimensional array used as an argument to LOAD. 

Program Information 

The two items in this group specify the number (n) of 
pieces of data to be loaded per card or line, and where 
in the computer memory, location number, to put this input 
data. The local' on number is also used to terminate 
loading and start computing the results. See HS Form 
1199A 9/63. 

A) "n" specifies the number of pieces of input data to 
be loaded on this card or line and is a nunhex from 

1 to 5 written without a decimal point . *’n^' is coded 
in card column 1. 

B) Location nunber, specified by the particular program, 
defines where the first piece of input data will be 
loaded in the computer memory. Successive pieces of 
input data will be loaded into successive locations 

in memory* The location number is coded in card colums 
3 through 12. Other features and requirements are: 

1. The location nunber must be written with a 
decimal point. 

2. If the location number is omitted, the input data 
on this card will be loaded consecutively in 
memory following the previously loaded input data. 

3. A minus sign before the location nunber teiminates 
loading at the end of this card line, and the 
conputer will proceed to calculate the results of 
the analysis, 

4. The input data is coded such that the first piece 
of data is in card coluims 13 through 24 , the 
second in card colunns 25 through 36, etc. 

CALL LOAD (DATA) 

DATA - 1 dimensional array - floating point into which 
data is to be loaded. 
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Output Parameters 

Hie following system variables are printed out ea^h print interval 
(set up by PRim* (3)). 


SYMBOL 

DEFINITION 

UNITS 

TIME 

Transient elapsed time 

min 

PCTL 

Total percent loading on bed 

% 

EFFH 

H 2 O removal efficiency 

% 

EFFC 

GO 2 removal efficiency 

% 

LTH20 

Total loading of H 2 O on bed 

% 

LTC02 

Total loading of OO 2 on bed 


L17H2 

Total loading of H 2 O on Y sites 

% 

LZH2 

Total loading of H 2 O on Z sites 


LXC02 

Total loading of CO 2 on X sites 

% 

LYHC 

Total loading of CO 2 on YH 2 O sites 

% 

TCOUT 

Averag" utlet coolant ten^erature 

®R 


The following variables are printed nodally or at nodal interfaces 

Weight percent adsorbed by nodes 

LTC02 - Total CO 2 % 

LTO20 - Total H 2 O % 


Flow rates between nodes 
C02 
H70 
Total 

Rata of adsorption 
C02 
H20 
Total 


(lb-moles) /min 
(lb -moles) /min 
(lb-moles) /min 


(lb -moles) /min 
(lb -moles) /min 
(lb-moles) /min 


Pressures at the nodes and at inlet and outlet 
C02 mm Hg 

H20 mm Hg 

Total mm Hg 


Temperatures 

Gas 

Bed 


°F 

Op 
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The following system variables vs 
of each run: 

time are also printer plotted at the end 

PCTL 

PHOUT 

TG(out) - outlet process gas tenperature 

LTH20 

PCOUT 


LTC02 

Tcoirr 



PROGRAM SOURCE LISTINGS 

The source listings of each program module shoMi in the corputer printout 
are included in this section, with the exception of subroutines BEGIN, LOAD, 
PPLOT,and PACK which are listed in '’Digital Conputer Program for Desiccant 
Hunidity Control System" date 21 July 1971. 

PERFORMANCE MATOilNG 

A sairple case has been processed to simulate cycle 16 of Run Series III 
of the large scale tests and is included on pages D-22 through D-57. 

The conputer program utili zes eleven constants to describe the reaction 
kinetics at a given temperature. Three of these are the basic capacities 
associated with each kind of adsorption site while the remaining eight are 
the forward and reverse reaction rate coefficients associated wi^ each of the 
four kinetic reactions. These constants can be determined experimentally 
using theimogravimetric equipment. Alternatively, the eleven constants can be 
manipulated to match large scale test perfoimance. In this case the basic 
rate data determined for an earlier material preparation was used as a point 
of departure and the individual rates then adjusted to match the large scale 
test results. The capacities associated with each of the bas’ic adsorption 
sites were scaled on the basis of the qiiantity of coating used in the prepar- 
ation. The forward and reverse rate coefficients were adjusted to fit the 
experimental breakthrough cmves and to provide the observed interactions 
between water and CO 2 capacity. It was necessary to increase all of the for- 
ward rate coefficients to produce correlation with the test data, CC 2 break- 
through curve is quite fast and therefore simulation consists shrply of 
achieving the correct cyclic capacity. The water adsorption cui^ does not 
completely breakthrough and requires curve fitting at the experimental 
valve of cyclic edacity. The water breakthrough curves for cycle 16 of 
Run Series III and the results of the sanple printout of the cenputer 
simulation are shown in figure D-1. It is evident fr^m figure D-1 that the 
revised rate coefficients permit a satisfactory fit ox the test data. 
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The coirputer was then used to prepare graphs of performance similar to 
the experimentally derived figures 13, 14, and 15 of the main body of this 
report. These are presented as figures D-2, D-3 and D-4. Comparison with 
the experimental data shows similar trends, indicating a satisfactory com- 
puter program. In the case of capacity as a function of flow rate, it must 
be pointed out that the computer run is for a bed of half the size of the 
comparative test data. Therefore it is to be expected that the curve will 
be foreshortened along the flow axis. 
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HS-C LARGE SCALE PARAMETRIC TESTS 
EFFECT ON INLET HUMIDITY ON CYCLIC CAPACITY 



INLET ^H20, PSIA 


FIGURE D~2 
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PROGRAM FLOW CHARTS 

Figure D*5 illustrates a general flow chart of the program. 

A complete set of '^Auto Flow*' charts is included in this appendix 
following the sample case printout. 

PROGRAM SYMBOL DEFINITIONS 

niis section relates Fortran names to physical quantities in each of 
the subroutines. 

Main Program 


SYMBOL 

DEFINITION 

UNITS 

ADSORB 

Adsorption cycle time 

(min) 

APC02 

Total loading of (X) 2 /nQde 

C%) 

APH20 

Total loading of H20/node 


DC02 

OO 2 adsorption/desorption rate/node 

(lb -mole /min) 

DESORB 

Desorption cycle time. 

(min) 

rH20 

H 2 O adsorption/desorption rate/node 

(Ib-mQle/min) 

DIFF 

Difference between present average coolant 
outlet teiiperature and past average coolant 
outlet tenperature 

CF) 

DMC 

Nodal CO 2 inlet flow rate 

(lb mole/min) 

DM00 

CO 2 flow rate out of each node 

(lb mole/min) 

DM! 

Nodal H 2 O inlet flow rate 

(lb mole/min) 

mo 

H 2 O flow rate out of each node 

(lb mole/min) 

DT 

Confuting time interval 

(min) 

DTP 

Conputing time interval for subroutine PVAC 

(min) 

EFFC 

CO 2 removal efficiency 

Cl) 

EFFH 

H 2 O removal efficiency 

{%) 
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GENERAL FLOW CHART 



FIGUI® D-5 
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SYMBOL 

DEFINITION 

UNITS 

FN 

Number of nodes 


I 

nodal index 


ICXC 

Initial loading of GO 2 on X sites 

(%) 

ICYH 

Initial loading of H 2 O on Y sites 

C%) 

TCYllC 

Initial loading of CO 2 on YH20 sites 

C%) 

rczc 

Initial loading of H 2 O on Z sites 

W 

IDES 

Indicator used fcr system desorption 


ISOT 

Indicator used to operate system 
isothermally or nonisothermally 


IND 

Indicator used to specify whether 
system is adsorbing or desorbing 


JIND 

Indicator from subroutine ALOGIC 
specifying whether tlie program is 
in its 1st pass , or whether on adsorb/ 
desorb or desorb/adsorb switch has 
occurred 


KX 

Fbrward rate coefficient for CO 2 on 
X sites 


KXR 

Reverse rate coefficient for CO 2 
on X sites 


KY 

Forward rate coefficient for H 2 O 
on Y sites 


KYH 

Forward rate coefficient for CO 2 
on YH2H sites 


KYHR 

Reverse rate coefficient for CO 2 
on YH 2 O sites 


KYR 

Reverse rate coefficient for H 2 O 
on Y sites 


: , ■ KZ' : ^ 

Forward rate coefficient for H 2 O 
on Z sites 
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SYMBOL 

DEFINITION 

UNITS 

KZR 

Reverse rate coefficient for H 2 O 
on Z sites 


LTC02 

Percent loading of CO 2 on bed 

(%) 

i;m20 

Percent loading of H 2 O on bed 

C%) 

LXC02 

Loading of CO 2 on X sites 

(Ib/lb) 

LYH20 

Loading of H 2 O on Y sites 

(Ib/lb) 

LYHC 

loading of CO 2 on YH 2 O sites 

(Ib/lb) 

LZH2 

Loading of H 2 O on 2 sites 

(ib/ib) 

^tC02 

Mslecular weight of CO 2 

(Ib/lb mole) 

NH20 

^folecular weight of H 2 O 

(Ib/lb mole) 

^^^C02 

Total mass of CO 2 on bed 

(lb) 

m\zo 

Total mass of H 2 O cm bed 

(lb) 

MZ 

Bed weight /node 

(lb) 

MZT 

Bed weight 

(lb) 

N 

Nunfcer of nodes 


NPLOT 

Indicator use to obtain printer plots 


NPRINT 

Indicator used to print system output 


PAIR 

Total pressure of process gas 

(Tm*ig) 

PCO 

Bed outlet (DO 2 partial pressure 

(mrHg) 

pcoirr 

Nodal outlet partial pressure of CO 2 

CnmHg) 

PC02 

Nodal inlet partial pressure of CO 2 

(TimHg) 

PCTL 

Total percent loading on bed 


PHO 

Bed outlet H 2 O partial pressure 

(imHg) 

PHOUT 

Nodal outlet partial pressure of H 2 O 

(lTO«g) 
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SY^COL 

PH20 

PIC02 

PIH20 

PIN 

POUT 

Q 

R 

TB 

TCIN 

TCOUT 

TCOUTL 


TG 

TGI 

TIME 

™ax 

WAIR 

WCTOT 

XC02 

XOL 

YHOCO 

YH20 


DEFINITION 


Nodal inlet partial pressure of H 2 O 

Bed inlet partial pressure of CO 2 

Bed inlet partial pressure of H 2 O 

Bed inlet total pressure during vacuum 
desorption 

Bed outlet total pressure during vacuum 
desorption 

Process volumetric flow rate (ft^/min] 

Gas constant (555 ft^-jimHg/^R-lb mole) 


Bed nodal temperature 

C°R) 

Heat exchanger coolant inlet temperature 

rR) 

Average coolant outlet temperature 

(°R) 

Past value of average coolant outlet 
tenperature 

("H) 

Process gas nodal temperature 

CR) 

Process gas inlet temperature 

C°R) 

Elapsed transient time 

(min) 

Maximum time duration of transient 

(min) 

Mass flow rate of process gas 

(Ib/min) 

Coolant mass flow rate 

(Ib/min) 

Loading of C02/node on X sites 

(Ib-mole/lbbg^) 

Ultimate loading capacity of CO 2 
on X sites 


Loading of CD 2 /node on VH 2 O sites 

(lb mole/lbbed) 

YH20 sites available for CO 2 adsorption 
which have absorbed H 2 O 

(lb inoie/lb) 


UNITS 

(nmHg) 

(mrHg) 

(nirHg) 

(imilg) 
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DESCRIPTION / 

UNITS 

YOL 

Ultimate loading capacity c|f H 2 O on 
Y sites j ^ 

0) 

ZOL 

Ultimate loading capacity of H 2 O on 
Z sites 

C%) 


Subroutine TEMP 


SYMBOL 

DESCRIPTION 

UNITS 

aamb 

Heat transfer area between heat 
exchanger and airbient/node 

C£t2) 

AAMBT 

Total heat transfer area between 
heat exchanger and ambient 

cft^: 

AB 

Bed cross sectional area 

(ft2) 

ABIIX 

Heat transfer area between led and 
heat exchanger node 


ABHXT 

Total heat transfer area between bed 
and heat exchanger 

(ft2) 

AQ^X 

Total lieat exchanger heat transfer surface 

(ft2) 

my. 

Heat exchanger cross sectional area 

(ft2) 

CPBED 

Bed specific heat 

(BTO/lb- °F) 

CPC 

Specific heat of coolant flow 

(BTU/lb-‘='F 

CPHX 

Heat exchanger specific heat 

(BTU/lb-®F 

DELL 

Bed length of each node 

(ft) 

DMCO 

CO 2 flow rate out of each node 

Clb mole/min) 

DNHO 

H 2 O flow rate out each node 

(lb mole/min) 

DT 

Subroutine conputing time interval 

(min) 

IIAMB 

Heat transfer coefficient between 
heat exchanger external surface and 
ambient 

(BTU/ft2-min- 
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SYMBOL DEFINITION 


HB 

HXX 

I 

JIND 

KB 

KHX 

K1 

Kll 


Heat transfer coefficient between 
process gas and bed 

Heat transfer coefficient between 
coolant air and heat exchanger surface 

Nodal index 

Indicator specifying whether the program 
is in its 1 st pass or not 

Bed axial conductance 


Heat exchanger metal thermal conductivity 

Total process gas (diluent + CO 2 + H 2 O) 
mass flow rate ^ 

Absolute value of total process gas 
mass flow rate 


K3 



LB 


Effective heat transfer coefficient 
for bed axial conductance 

Effective heat transfer coefficient 
for heat exchanger axial conductance 

Bed length 


MCB 

MCHX 

N 

QR 

Q1 


Q2 


Q3 

Q4 



Heat capacity of bed/node 

Heat capacity of heat exchanger/node 

Number of nodes 

Heat of adsorption 

Heat transfer rate between process 
gas and .bed 

Heat transfer rate between heat 
exchanger and bed 

Axial heat transfer rate into bed node 
Axial heat transfer riifte out of bed node 


I ; c,— 
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UNITS 

(BTU/ft2-tnin-®F 

(BTU/ft^-min- 

(BIU/min-ft-^F) 

(BTU/mln-ft'®F 

(Ib/min) 

(Ib/min) 

(BTU/min- ®F 

(BlU/min- °F 

(ft) 

(BIU/^F 

CBW 

(BTU/min) 

(BTU/min) 

(BTU/min) 

(BTU/min) 

(BTU/min) 
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SYMBOL 

DESCRIPTION 

UNITS 

Q5 

Heat transfer rate between coolant and 
heat exchanger 

(BTU/min) 

Q6 

Heat transfer rate between anfcient and 
heat exchanger 

(BTU/min) 

Q7 

Axial heat transfer rate into heat 
exchanger node 

(BTO/min) 

Q8 

Axial heat transfer rate out of heat 
exchanger node 

tBTU/min) 

TAMB 

Ambient teti|)eratui:e 

C^R) 

TB 

Bed nodal teuperature 

rR) 

TCIN 

Coolant inlet tenperature 

(«R) 

Tcour 

Coolant nodal outlet tenperature 

CR) 

TGI 

Process gas inlet tenperature 

C"R) 

TG 

Process gas nodal tenperature 

CR) 

TO 

Heat exchanger nodal temperature 

CR) 

TIME 

Elapsed transient time 

(min) 

TOUT 

Average coolant outlet teirperature 

(°R) 

UAMB 

Heat transfer coefficient between 
anbient and heat exchanger 

(BTU/ft2-min-'*F) 

UBHX 

Heat transfer coefficient betweeri 
heat exchanger and bed 

CBIU/ft2-min-®F) 

WAIR 

Process gas mass flow rate 

(Ib/min) 

WEED 

Bed weight 

(lb) 

WC 

Coolant mass flow rate/node 

(Ib/min) 

WC02 

CO 2 mass flow rate 

(Ib/min) 

WCTOT 

Coolant mass flow rate 

(Ib/min) 
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SYMBOL 

DESCRIPTION 

UNITS 

WHX 

Heat exchanger core weight 

(lb) 

IVH20 

H 2 O mass flow rate 

(Ib/min) 


Subroutine AWISC 


SYMBOL 

DESCRIPTION 

UNITS 

DC02 

CO 2 adsorption/desoiption rate/node 

(Ib-mole/min) 

DH20 

H 2 O adsorption/desorption rate/node 

(Ib-mole/min) 

DMC 

Nodal CO 2 inlet flow rate 

(lb mole/ndn) 

im 

Nodal H 2 O inlet flow rate 

(lb mole/min) 

UT 

Subroutine confuting time interval 

(min) 

I 

Nodal index 


IDES 

Indicator used for system desorption 


IND 

Indicator used to specify whether system 
is adsorbing or desorbing 


JIND 

Indicator from subroutine ALOGIC defined 
under Main Program Symbol Definitions 


KX 

Forward rate coefficient for OO 2 on 
X sites 


KXR 

Reverse rate coefficient for CO 2 on 
X sites 


KY 

Forward rate coefficient for H 2 O 
on Y sites 


KYH 

Forward rate coefficient for CO 2 
on YH 2 O sites 


KYHR 

Reverse rate coefficient for CO 2 
on YH 2 O sites 


KYR 

Reverse rate coefficient for H 2 O 
on Y sites 
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SYMBOL 

DESCRiraON 

UNITS 

KZ 

Forward rate coefficient for H 2 O 
on Z sites 


MCX)2 

Molecular weight of CO 2 

(Ib/lb mole) 

mzo 

Molecular weigjit of H 2 O 

(Ib/lb mole) 

MZT 

Nodal bed weight 

(lb) 

MZ 

Bed weight/node 

(lb) 

N 

Nuntoer of nodes 


PCAVG 

Average nodal CX)^ partial pressure 

(itmHg) 

PCOUT 

Nodal outlet pr :ial pressure of OO 2 

(mnilg) 

P(X)2 

Nodal inlet partial pressure of OO 2 

CinnHg) 

PHAVG 

Average nodal H 2 O partial pressure 

(mriHg) 

PHOUT 

Nodal outlet partial pressure of H 2 O 

CnrnHg) 

PH20 

Nodal inlet partial pressure of H 2 O 

(imiHg) 

TYH20 

Total loading of H20/node of Y sites 

(lb mole/lbjjg^) 

T 

Bed nodal tenperature 

C"R) 

XC02 

Loading of C02/node on X sites 

(lb mole/lb|^Q^) 

xo 

Ultimate loading capacity of CX )2 on 
X sites 

(lb mole/lbjjg^) 

XOL 

Ultimate loading capacity of CO 2 on 
X sites 

(%) 

XR 

Adsorption rate of C02/node on 
X sites 

(lb mole/min/lb|3gjj) 

YHCR 

VdsorpticHi rate of C 02 /node on 
YH 2 O sites 

(lb mole/min/lb^jg^) 

YHOCO 

Loading of CX) 2 /node on YH 2 O sites , 
also H 2 0/node on these sites 

(lb mole/lb^jg^) 

YH20 

Loading of H^O/node on "L sites 
with no CO 2 accepted 

(lb moie/lbbed) 
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DESCRIPTION 

UNITS 

YO 

Ultimate loading capacity of H 2 O 
Y sites 

(lb mole/lbbed) 

YOL 

Ultimate loading capacity of H^O 
on Y sites 

(t) 

YR 

Msorption rate of H^O/node on 
Y sites 

(lb mole/min/lbj^g^) 

ZH20 

Loading of H20/node on Z sites 

(lb mole/lbjj^jj) 

ZO 

Ultimate loading capacity of H 2 O 
on Z sites 

(lb mole/lb|j^) 

ZOL 

Ultimate loading capacity of H 2 O 
on Z sites 

(») 

ZR 

Adsorption rate of H20/node on 
Z sites 

(lb mole/min/lb^^) 


Subroutine FOOT 


SYMK)L 

DEFINITION 

UNITS 

A^f^0T 

Total constituent loading on bed 

(lb) 


Constituent inlet flow rate 

(lb mole/min) 

ur 

Subroutine confuting time interval 

(min) 

EFF 

Removal efficiency of constituent 

CD 

FCT2 

Mass of constituent passed through (lb) 

bed during one confniting time interval 

Hccrror 

Total mass of GO 2 passed through 
bed at any time 

(U>) 

HZOTOTT 

^otal mass of H 2 O passed through 
bed at any time 

(lb) 

I 

Nodal index 


IND 

Indicator used to specify idiether 
system is adsorbing or desorbing 
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SYMBOL 

DESCRIPTION 

UNITS 

LTOT 

Total constituent loading for each node 

(%) 

MOLWr 

Constituent molecular weight 

(lb mole/lb) 

MZ 

Bed weight per node 

(lb) 

MZT 

Total bed weight 

(lb) 

N 

Nup4)er of nodes 


PCM 

Loading at site 1 

C^) 

PCM2 

Loading at site 2 

(%) 

PCH'L 

Total constituent bed loading 

(%) 

TIME 

Total elapsed time 

(min) 

XI 

Constituent nodal loading at site 1 

(lb mole/lbjjg^) 

X2 

Constituent nodal loading at site 2 

(lb mole/lbbea) 


Subroutine PVAC 


SYMBOL 

DEFINITION 

UNITS 

DC02 

CO 2 adsorption rate/node 

(lb mole/min) 

DELW 

^parent laminar flow resistance 


DH20 

H 2 O adsorption rate/node 

(lb mole/min) 

DIA 

Apparent bed restriction diameter 

(inches) 

DMC 

CO 2 flow rate out front end of bed 

(lb mole/min) 

DMCO 

CO 2 flow rate out of each node 

(lb mole/min) 

M 

H 2 O flow r«te out front end of bed 

(lb mole/min) 

IMK) 

H 2 O flow rute out of each node 

(lb mole/min) 

IWI 

Total flow rate out of front end of bed 

(lb mole/min) 

DM0 

Total nodal outlet flow rate 

(lb mole/min) 
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SYMBOL 

DT 

I 

JIND 

L 

N 

PCOUT 

PC02 

PHOUT 

PH20 

PIN 

poirr 

pt 

PTA 

R 

TG 

VB 

VNODE 

XLEN 

XMU 


SYMBOL 

DAD 


DEFINITION 


UNITS 


Subroutine confuting time interval (min) 

Nodal index 

Indicator from subroutine ALOGIC 

defined under Main Program Syirbol Definitions 

Node bed length (inches) 

Number of nodes 

CO 2 partial pressure out of bed 
Nodal average CO 2 partial pressure 
H 2 O partial pressure out of bed 
Nodal average H 2 O partial pressure 
Bed inlet pressure 
Bed outlet pressure 
Nodal total pressure 
Average total pressure 
Gas constant 

Nodal process gas temperature 
Bed void volume 
Nodal void volume 
Bed length 
Absolute viscosity 


Subroutine PCAL 
DEFINITION 

Constituent adsorption rate/node 


(mmHg) 

(mriHg) 

CmmHg) 

CmmHg) 

(inrHg) 

CnmHg) 

(mrHg) 

CmmHg) 

(ft^-uiTiIg/®F'-lb mole) 
C“R) 

(ft3) 

(ft3) 

C£t) 

(Ib-sec/in^) 

UNITS 

(lb mole/min) 
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TIME b.CCCGC_ 

PUL 6.CC436 

TCOUT 

531. CPC 

EFFH 

43.6253 

EFFC 

36.C531 

Ll'i20 ' *'3.84 72 9 

LlLtt2 2.157b7~ 

LVH20 

3'Fc> v-'is’ 

LZH2 0.752431 L XC02 

2.09417 

LVHC 

C.52933CE-P1 

"wT Pur AuSL-KUtUbV 

NDDL5 

2.2162 

_2.J,877 

2.1577 

2.1272 2,0946 




LYH2U 

5,5^27 

4 * 6606 

3.7985 

2.9799 2.2568 
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iui2Htxni 


l»,...AiH22,UYilL 


0OOC0303 
nan rail a 


(0(2»lt^UL 
10(26 ttJtV . 


it 
■ X* . 


1D|2A1»KX 
J.ni 2:7-1 tKV.lL 


t (0125) tXXR 


;jui- 


it 


omon323 
■ QCCQOXTfl 


X laiZ^itKYHM I. (0(30). X2 


J(..4 tK 32i tM2.I.. 


it (nmi.PATB 


• (0(3t)tK2R 

♦ innti.Q 


it 

■ 


00300343 

ooaetoasG. 


JULUL 


(0(35)tTClN 

(0l3ft)»PQUT- 


<0136), TGI 
XfiliOA-tABGORa- 


(0(37). PIN 


it 


iru^O) ^p F ^MflipL ), 


0300036: 

..00000.37.0- 


X (0(41), Cll) 


it 


. EGUl tf A1 £KG£- 


(0145),WCTGT } 

(niVQl ) tTKI n )i 


tD(46»,CNlUl ) 
(01 121if.THH(.l) It. 


003P33A3 

-Or.C0O3.ftO,. 


X lunAUtTwcmit (on;6i]thx(ii},( o(62i, prlasti 

■X-»...,llU6>A)t.AI ..tni 6Ai-t£PS) — 


03000433 

nnnnpftfi) 


(0 X 


0011 

■G.0X2 


OmNSlON PCAVGdOOi, PtrAVCnOO) 


.aiMf NS..roN,. GBtJi laoi . .uinruof; i 2.TUf>ci.t ...if-Anoni. 


o^pnovop 

-00,0004. ...I 


n 


0013 

-^QQIA, 


0015 

.0016- 


CaMMUN/BlOxa /PCAVGtPHAVG 
.f.flMHQN/nijrPti.I/«It FAClUt £Af.KL 


03000404 

■.OOGil{:4,D5 


rOrtMUN/BLGKI/Xft,YR,VHGft,/R 
rfiMMiiNym iMPJf.m 


oooo''4n 

onnonApn 


as 




-t o 


JIOUL 

0Q18 

jituaL 


0020 


0022 

0G23 


SET DATA AHBAY TO 2tR0 
_DU_1_ -lx U2GL— 


00330433 

-D0302443 


( 

_t£L 


DTI) I 


WftiTtU. 1020) MOt 


0C00O45O 

-C3ZCfl462- 


O03''3473 


CAU iOAUID) 

Stl PHUUkArt CONST AMI 
NJ ■= XJ 


C0:00<^93 

03300503- 

oo'^nosio 


J 


i 















X KVH • KVHK * KZ f KZH , “ZT * PAIR 

—■ VlRlIf-I.fa,I.C4A) — 

X iGi ♦ PIN » PJUT > ADSUP'W iitSUKb* n('*U 

V ^ n//. I. - tfv. „ nrAm 


X 0(S2) t U1^3J , r Di5^> , 01^6) » Dt57J , nI«.P) * , 

ri r •> » t . rif f. '» I 


X 8H or TH&X P^lNF 


X 8H igfcS ,G1P.6,8 m I$UT tGt?,'»,Pri XJ ,GiZ.h, 

V oL* f r- vr fr’vMj riT ^ i.4-r ir»r /rt'S £. J 


X 8H ICVHC PlHZO P IC.V 

V BLi viii r. 1 1 iL Li ui viti r. t ^ ou T'ti r. t 4 c. / 


< SH KX fGI2.6,8H KXR tGU.b,fiH KY ,G12.6» 


X 8h XZ ,Gl2.6,rtH KZR ,G12,6,6H MZT *GlZ.h, 


1016 PORHAT *2X, 

M u i_t t r* i ^ £- Liu A ■ ■.! f_ t ^ «AU Ar^iiT i- 


X Bh AOSOPB ,G12,6,RH 01 StlRB .012. 6»8H VB .GI2.6/2X. 

V aA^ «^ui II rt-^£.au<%VA ^ ulji^/^v *'«T' 


X HH CPC ^Ct?.^,8H Ln .012. 6. 8H AHHXT 

. w a Li A 4 UA T 1 A '!iu ijui/ #’.1'^ A D Li i.iarrA 


X 8H CPHX ,Gl?,o,8H CpHEO .012. 6, 8H AH .012.6/ 




.G12.6/7X, 


Of’-ic':' fi'} 
*'*1 r ■> r 


fc All 1 rUJ i iiiif hij Til ^ .. . ■, ■ h. ■f.. i ■ i h~ U -li ^ , < !»■.> 

X, A, fcPS 


^ju — — 

oor'C''^74i 


X 8H TAMH ,M2.6,8H HAMB .012.**. PH Ni^Tl ,G12,6/?X, 


rf,"} 

or 

n>trNr''> 


0'>or'''R''B 

fW>Q 1 


oo?r'OP2!} 


rto?r'''8A3 

A AA dC A 


ccicnHM 

AAA AAA "f n 


PC3^r R=^:i 

AAA A A a A A 


00300903 


03000923 

A A A A A A ■% A 


OOOOOR'tO 


._oaAo-, 

006 7 


12 CONTlNve 

1 Id i T r 


If IINDU5.15.13 


1 HH lli^J II 


INITIAL CUNOITinN FOR UESORPTUiN 
X« U 1 C. 


I ■ 


OCOf'1013 

nni T 


00001033 

j:canic6i*. 

Cinnpil P6'' 







004 >» 

0C67 


on^tii * 0, 


TGtn> TGI 


14 CO**TI|i^^ 

Tr.mrT i* 


TCl^Tf: - TCIN 


ZZ 00 Ift J?l»N 


UHHOtTGtTdfTCOUT) 


fHAVOi t»vO. 



Mtlfef|*l0l3t 
kMRlf 1 S-Q.* 
GO fa"i7 


IMT14|^ CONOITlQN m ADSDRRTtONi 


0(lM}( tl - 0. 


OftCUlU » 6, 


J*WJUTM) « 0. 


o*iW n * 0 . 


Tttlll TUN 


Pt AC*l»quf ♦CPI C02/ (P ICO^^P IN20 1 > 




pcn2aj*picu2 

Pn20Ul*P lH2U 

UHCIU*>3 ♦ PC02UI / IP 


0CC0U70 


R U Bi V P i 


pcnotip? 



0^^0l451 


0''001470 




OODOlsn 


O V>'>1 *i4J 


ore'll S60 

0CCU565 , 

c?'orj^7'' 














IF(lSQT}t7«17,28 

*1^ ■nrk'^rs1^*«'^ 


25 CALL rt«'HtOTtTIK£.N*KK,CNl,TKl,TH0.rWC,HX,MCToT,TClM»WAia,0'<C3» ')C‘3''t633 

4aMnu»TG>ra,Tccu.n- — .o^uuuaa^ 

Di£F « AbSLTCOUT-TCOUTLI £>'?roi6S0 

TrnuTi' ^ Triiitr f* n ■> ,•' i a n 


IF(DIF£^1.)26,26,27 0rDni67^ 

■»’i II M -m- tm ai no’'r'1/an 


lOia FOFiMATt»OHX SUBAOUTlNfc WILL NOT rtEACH SSa/> 

rcfvK’ k T « f*Ai /in Tn "JO 7'\ 


hRnEl6»l0i3) OnOClTn 


INITIAL CONtfITLUNS StT FDR EACH CASE OOOtl73T 

IT uruTn = n 


MTC02 =0. 00'>"1 7*7-3 

;,^..-DLt_2Q ^ : D2D2L7fq- 

XCL2tn = ICXC/IIOO.»MCD2) or3'>177D 

no3Cl791 


0DQCIL<i'3 


m!C(Ui)= jcYHc/noQ.«8cn2j 

Ju’M> 111 — II 7 r ji \ nn amuth i 


20 COM INUF 

luRlTE t6»1,nc*i1 ■ >. - ^ 

1005 format iiHi, *ayTpaTi),/> 

wcfriuri lac-jSK-Trt 


: calculations for n nodes each cd^putino time interval 

•art rtf k laar-i.fci 


CALL AMHSCtI , INOi J INDp lOtS^OT f TGr Ni PH2D, PHOUT t PC02. PCDJT, 0H2D, 
V nrr 1 > - rtM w - rtiyir ^ vm-T wwan VMnrfi _ 7 H 5 n I 


122 continue 

‘ tc cwctcu A rtcritk Ai till: no rvr c r»o u t hi r: 


IF II NU» 2000 f 2000,2001 

' tc cwcTCM vfAriMiu nc-cnoAiiuA nu riAc onani^rircriiiajffci/i 


2001 If II 0£ SI 2002, 2002 *3 A 

t\n !•»« ftk 1 


DO 35 1=1 »N 

^ ciitiiknriirtiL.r Item cfii» uAriiiiit nr^critiof i nut 


35 CALL PVACI I ,01? ,N,JlNO,C,OH2U,DCO2,PlN,P(lJT,DHH0,DMC;O,PH3,PCDf 


3?T*'l P ID 
-CODOUE-aO- 
033rirt31 

rti i; 


OO'^Ol 

k* rt 1 “ 


00'!->1370 

rtrtl 


00001 91 

i 


000C190T 

T'fii 


mOOI9?T 




00?'H922 
r*On/'i QA'^ 


00001753 


»■'• .■■■—' 

: 0135 

PHCUTINJ * PHD 

030^1973 1 

L 0 1.34 

— PCCUT4NI a PCD 

- r^o'^r-tQH-1 J 




WAIMII = 


34 PCU2UI = 0. 

aid !7Ci # fe 1 » 


DO 200 3 I*l,N 

Ma , rrr a«4tf« « j4-rN a i « M & 


PCCUKI) = AbSlTG(nPDC02lU«R/Ql 

■SA/l-* rniL:Vt5lX»£ 


oNun =0, 

.. . SMtUU a. Da ^ 

2000 OO 20D4 |=1,N 

: r A 1 1 i*r ii i 1 . ■ 


CALL PCAL tI,nHH,UH 2 Q*PH 20 tPHrUT, 0 MHni 




OO3OI990 


D00020n 


0''0020?t 

f%*% 1 "» 1 ^ 


003‘*»20A3 

rtftirt anil 


0''0r-2C5 3 

DC3n?06l 

nrinnanTO 







tiikKrM. 






2005 OQ 2006 I«UN 




2010 CONriNUE 




OHMO.TGfTB, TCOUTl 




125 CAU fOUT mME*OT,W.MH20,H2TtOMl,YH?Q,2H20>APH20»LTH20,LrH2Q, 


gall foot <TlMfc,DT|NtHCU2fK2TtO«C#XCC12*YHaCO»APCn2#LTCO?#lXC'J^. 

.. . . 


HtHaO » 0, 


W) U 5 


! - l,N 


KTH20 * HfH20 ♦ APH2H t I I *H2 / ICO , 




MTCaa * MTC02 ♦ APCO2tl»*M2/100. 





GAUuLMION OF TOTAL OtO LOALlNC (H20 AND CO?) 
ortiJluTuun *. urrntt * inn 


SET printer PLOT ARA4YS 




PLT|MFiK)»TIME 


Pt PHOT INI 


PLHXCtKl - LTH20 


PtNIyHIk) = fCOUT 

= tfUKt 


IFIHOOIMfNPftlNTl *NE. 0 »AN0. JINO .^E. II GO TO 15D 
IFUtNU .rO« It HRlTEISi 10331 


0031?nQ'? 
,j:u 0-2X00- 
0'>''c?ni 


'''?D'J2123 

,Cin‘!r:?i.3‘^ 

0'‘3T?13! 


03332153 

AT 


00332173 

T>'iT3l 


00002193 

2:i2'jZ2sn 

00332213 

Cinnfxfyin 


00307233 


003'?253 




r)3">327T0 


0n'>n2293 


DP 002 3 33 


003023S3 


00PO2373 


00302390 




00302A13 

.ED3D?423 

00007433 


X tfFM 


lOGl FORMAT I // /2Xt 


wi: 


8H ELFH G 12 * 6 *aH FFFC 

I THsn I irn 


X Gl2*6tBH LXC02 Gl2.6,aii LYhC 


f LTH20 I LTC02 • LVM20 t L7M? 




Gl?.6/2Xt 




G12.6) 


1002 FORMATI'OkT PCT AOSORfiFO RY W)DES»I 

- M I.TFXfcUilELll- lAPrn?! tM 

1003 fORHAfl* LTC02 • ,l3X*aCl3.5j 

miTTt-16.1Qn4l IAPH20iII.I»l. M 

1004 FORHAII* LIH20 » ,l3XieGl 3.5 J 

- kaiTF 15*101-51 

1015 FORRAII'OFLCi? PATE ILQ«MnLES/NlNl DEThEEN NOOESM 

_ kHIT£16aG061 lI>MCUl*l*ltNl» UMCmNl... - 

ICOfehOFMAU' CU2 6XtPCt3,5l 


33302443 


OOP 07451 


hi«Murxni«*j 


03:37471 


33032473 


03307921 
■^? nr25?2 
onrD75?3 
33332574 „ 
000P7524 

00302577 

033:7523— 

pf*'iP25?? 









raaTTI rTTim IL<»iWSUI J ,1 


■ iP ii ■ mti iiiii 


10Q7 FOfWATl* H2U », 6X»8C13.5> 


1008 UMblllsUMCMJ+PHHil) 


WKlTt(6«100<^) (DMOUIrl^lvNlT Li^OL 


HRUtJ6*l0iC) 


HRiItl8*lOU) (OC0Z(n»I = l*N> 

8 /« « 1 r f\au AT t « rt "t • t -x v i ^ At 


WKlTftttlGlZI <DH20m*l = l|NJ 


V-RUblfetlOlB) 


JF( INL> .EO. 1) GO TO 1027 


WRIIfi6»lCi9) PlHZOt tPHAVCn)ii = l»N), PHnJTCN} 

OT Ir Jin ^ ntij'li) 


PTCtJT>»PcutjT<ry,> «■ PHOuriNi 

" “ I n i " 


J0Z8 PTlDapCAVGU) + PHAVGU) 

— bRUE U.».La22.1. PlXht»— tPH U*.lal >fiH . PTOUT 

G(> TO lOiO 


PlAH=t POUT ♦ (PHAVGflit)/ JPHAVr,lNi+ PCAVGnnn 


WRIU16, 10171 FACTC, IPCAVG<ntl=lfN>i PTAC 


fcRIT£(6.l022J PIN, POUT 


IGJ9 FUPHATi* H?0 
tfl»f PlltUAT t I TCiri 


• ,9C13.5> 




0238 

0 7AQ . 

161 

0240 

162 


1030 WfmEj6,l023» 

mr,-* irnoM A r , I nT i-iAoC'ft *fti0 , niiin citi 


WR1TE(&,102A) tTG(U,l-l,NI 


wRlTEtG, 1023} Irani, 1^1, N» 


tFlHpO{K,2*NPKIRT) *EQ< 01 HftlT&t6, 1033} 

crtDUArr,, 


150 CONTINUE 

U-VAl 


SET UP INDICATORS FOR ADSORB AND DESORB CYCIES 

1 An tc r 1 tui. 1 I A 1 


161 CAlt AVOGICITIME ,AOSO«a,UtSOPfl , I NO, Jt NO, T«AX, PRL AST, NPH INT } 

t T i *.51 


162 CAtt Atou icn IHE^OT, ADSORB, DESORB, 1NU,J|N0, TMAX,PRLAST,NPR inti 

" r t T I !Li> tC. 


BESET TIKE 

TIKE? tlHliA HI— : — ^ : — 

IFtlNO .ME, 0 .OR, JtNO ,Nt . tl DO 13 210 




Crr)?7*'33 




nn T 




0'?3''25A1 


33?-;2SSl 

nn 


□ ' 




33302SS? 


0C:02Sftl 


333C25S3 


00?n256S 
3.3 33 PSAS 
33 3‘'2 5S7 

nnnr’> Hf.u 


33307S69 


t)03D?57l 


0^302373 


03332B33 

nnnn^ o A*\ 


Q0302ftS3 


Cf>3f'?RS1 


0O3P2ftAT 

n n *1 n ■* 


OOOnptfTo 

003C:»«fflI 




CR- 1 IS 568 

SVHSER - 604 n 










230 CALL PPi.OT(PlTlMt,PLPCTL.K, ***,l,7»0.lpO.,»TaTAl. 9FD LDflDIMC 

Y 


CAtL PPtOTIPLtlM£*PLMXC tK»*»«*l»7fO,l.O.**TnTAt H23 ilADIKO 

V 


CAIL PPiOnPLnH£,PlHVC ,X» I, 7,0.1 ,0, .» TOTAL C02 LDAOIMC 




oor:o?9'>n 


00DP2971 


CALL PPLOHPLTiMt .PtPHOT.K, ***,1.7,C,l,f).,*OtJTLTT PARTIAL PiiESSOAf 0('D079<»D 

[ gp rt?Q Lj^iLU 371113:33. 

CALL PPLOf iPLf I PE rPtPCOT.R. *•* » U7.0, 1 ,0.. *OUTLrT PARTIAL PPE^SUPf 00003CI') 








COHNDN BtOCK /BLOKJ / -iAP SUE 5?0 


SYHBGJu LOtlAriON SVHDQL LDCAriDM SYMBai tilCATlON SV><naL tOCATIS^i SYPPDL tnCMI'JY 


CUMMUN BLOCK /DtCKl / MAP SIZE 



SVmuOL LOCAHCM symbol location SYMEHL LfJCAFlDN SY1B3L IDCAT13N SYMppl I n". A T t ">>1 


90 


© ►d 


bEGIfi 


SUBPROGRAMS CALLED 

■ Ir 


l&COH* 


AMHSC 


EQUIVALENCE DATA MAP 









&VHBCa 

LOCATION 

SYHftOL 

LOCATION 

SYMtt3l 

LOCATION 

SYHROL 

tOCAnSN 

SYHpf»L 

t'^CATtlN 

1 

irijn 

Airrn 

i|nnn 


tOl ft 

.70ft0 

1 017 

7IF7 

iroft 

Z2»C 


ICOi 

TilA 

1002 

72E5 

1003 

7202 

too* 

72E7 

ICi* 

72FC 

^ 

1 nn:fr 

7127 

1007 


lpD9 

735! 

. IDI'5.. 

73fcft 

IOTA -- 

Zias 


I0i2 

T3AA 

10 1* 

73t*F 

101 B 

730* 

1017 

7*07 

ICl** 

7*1 A 


»oa> 

7ASD 

lazi 

7 * 4 (L 

j 107* 

T*6<> 

1075 

I4AE 

loli 

IA*L3 


1 “ ^ 1 ; 

1 ♦OPTIONS JN efPECi* 

lOfBCOt 

SOURCE *NOL 1ST* 

&ECK.IDAD, 

HAP 





d 

f ; tqputaa i» EPi-ectf- 

WANE ** 

wain ^ 

sa. 







un tfi GfriafeitATgfl 


25B,PR0GftAM $IZt * 


3532* 






CONUO» 





KMX = CUNtlZ* 


MAMb = CU^< 141 


KPTZ = CliMU6) 


K3»KB ♦ Aft / Of U 




hC>WC7pT/ fi 


AAMB * AAMBT/N 


HCHX '* «HX»CPHX/N 

— n WHtD*CP6eO/ti 

DO 2 J * l.V 


T8IJI * TCUJ 


Mtme MeAT EXtHANOCR INPUT 


lOU fDHMAT t*CHli(H-tKl< TABLES) 


aT'no24‘) 

_co. 3 jia 2 i.i- 

nf?rDr?6i 


or3or?B3 




Of^?On323 

rirt ^ rtA* -X ^ 




OOC''>f'3&0 


1012 fONMArUXtlCt,lZ.6t 


00003403 


ooioha^o 




0')00''440 




hlUT£*6rl0l3) 


fUAilii gari li^^ppty i»t 


Hft nt ( b» 10 } 2 J umcuuj^unpizj 


j "V 




MCL2U) = DMC0U>*44. 


LALtUlATf HI AT Of- AbiORPT IPN 




hhmuwviii 















•vi 

K3 


.fnp.T.aA.v,. IV r» uvf.i ac.i 


TF«g- 


naiF ^ T?i^n 


t.H/ift/ra. 


,.E.U5.,.t?r?.^,., 




OC^« 

nnJVj*- 


■ QRMJ. ^ DMHfjt n» > uMffit n*t4rn. 


nrrpos73 


iftK-l 


Si 


HC02 < I » 

■J fia..riL 


♦ WH20I I ) 

IS 


ftois 


CR-115568 - 
SVHSER-6040 


\ 

I 

f 

t 

I 


D09(? 


K2=iHA I«m 
Ml m.. 1? 


♦ + WC02in * .? ♦ WH2T|ri * ,«4J / K1 


Of'lJDOSO't 


00^2 

JJUiiJl- 

0C54 


U 

1 7 


K2 

JUS 


= 0 . 

s Aks i 


1C! 1 


CCD00A2'? 


!HI *£0, n TCI-TGUl 

, ntt raiaj m Ai...J&AMSFf,ft r.n£f - f it. i em - flgrvFf 


HFg ftNri HfAT £x:;Hftvr>Fg 


0*^T}'?C64'' 


Qn«i^ 


JLSL 


A FUNCriOM OF WEIGHT FlCW THPOUG-i BED 

ran ■■ UNI fmlptj *uti.>THa»Ai,i.ihF.«iaEi 




00«»6 

JIG&X. 


IH lUF *NE. 0) WRiTElGi ICOC 1 lOF 

lOOfl,f.aitMA.U.*OKi Off TAQIL-- lOMfei.HI. 


or->f!o^c>r! 


J 

f 

I 

i 

f 

i 

i 


0G5« 

f>r.A^ 


OBIAm HEAT IRANSfcK COfcFFfCItM BETwefc^ HEAT EXCHAMGE* A\rj 
..AjiBltNI, AS A, IUNLI.UJH.ilf. G CIiLAHT f LUh 


n?0^070? 


CAIL UMLINlNPT2,THCf HX,WC,hXA» ItJF > 
fftln!. .hit - nt fag iTMfe. tPni 1 inr 


0n->PO7?n 


0C60 

-.oaAi„ 

G042 

.06ii,l. 


1001 FtIHHAT 


l*OWt OFF TABLE - 

OQ^in ?i. 


lOFA-fTl > 


0:>t»r07A3 


A 

.AA. 


«B*AbHX/IKU*K2> 
r FAPl-ai 


0D3 TjTSJ 


0 C6A 

JQOAiS. 


-31 


CO to 
-■AA-a 


22 

JU. 


0030r«7B3 


CALCUIATICN OF HEAT FLOW F«OM PftDCESS CAS TO BED 




nOfT'fr 

33 

Ql * 1 Tr.l-fHl --AA1 





0062 

.._:..C . _ 

UUhXsHB • HXX/ IH8 + HXXt 

_lLAlXllt ATIMH HE «EAT El rp EOfffc IIEAT EXrHAlur.E& T(l HEH 

P'?'*03B?3 
nnr.''m-» . 




0C6$ 

rtfiik** 


Q2?fOftHX ♦ ABhX * ITHXm “ TtilUl 
IFt 1-1 1 <.rv^4p^;JQ : , 





_ nftTn. 

c 

_ „_ . 

LALCULATION OF MODAL CUMDUCTlVE HEAT FLOW IN BED 
* tTBii-ii - TKirii 

00000863 

nmf»PH 71 





C 

CAL CUi AT ION OF MODAL CONDUCTIVE HFAT FLOW IN HEAT EXCHAN3ER 
f 1 TH^I '"I * - 

03300H83 




0022 
1 r.r7i 

"Arj.. 

GO TO 50 

.. fini!n3IN 




007A 

, _ CO 

«n 

I -- n^-TT,, ■ 

Q7«0. 

00000023 

nni-'t-ioxN 




nr. T* 

X 

itn 

CALGULATION OF MODAL CONDUCTIVE HEAT FLOW IN BEJ 

QA^KL * IT«li+II - TAIIll 

O'^DOORAO 

nor'OnoAN 




nnTT 

■ c 

CALEOLAilQN Of NOOAL CONDUCTIVE HFAT FLOW IN HEAT EXCHAM3ER 

tJA^ITA A fTHkllAlf - TM M 1 1 _ 

03000963 
. nnonnyTQ 




OQ7A 

nn7o 

7fi 

CC TO 8D 
q4*n. 

00300980 

00300993 



jgz — 

OCBO 
_ .DDAt 

AO 

08-0. 

rOMTIMIlF 

00001033 

nn30iri3 



09 S 

■3..g 

ftC!rt? 

■ c 

CALCULATE BED TEMPERATURE AND PR3CESC GAS TEMPERATURE 
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job: i Vsic ca nt lliunid it y Con t rol Sy stem puaw bv I*. J. li iiide 

PROJECT A OHPtR: ~ 100~ 000 A APftOvro RY . 


INSTRUCTION: Largc Scalc Impr oved IIS- C Material test fnGinnif. 11. Kolnsbcrp, 

Demonstration Test 

time PERIOD: .Janiiary ,li?7Z to January 1972 

1. what is item being tcsteo’ 

2. IS test being run’ rhai will results show oh be wsto For’ 

3. OESCRIbL test SET UP INCLUDING INSTRIIMENTATIuN, ATTACH SKETCH Of INSTALLATION. 

4. ITEMIZE RUNS TO BE MADE GIVING LENGTH Of EACH AND READINUS TO BE TAKEN. 

5. special INSTRUCTIONS. SAFETY PRECAUTIONS FOR OPERATORS ANU HANOI ING EQUIPMENT. 

OBSERVATIONS BY SIGHT. FEEL. OR HEARING. LIST POINTS OF OBSERVATION WHICH MIGHT 
CONTRIBUTE TO ANALYSIS OF (a) PERfORMANCE OF UMTS. (O) lElf IPIENT TROUBLE BEFORE 
IT OCCURS, and Ic) CAUSE OF FAILURE. 

6. MOW WILL data be used or FINALLY PRFSLNTtO’ GIVI SAMPI E PLOT. CURVE. OR TABULATION 
AS IT WILL BE FINALLY PRESENTED. 


R EN TRY AS L ST ED A 8 0 V E AND DESC R I BE BELOW 


l_! 5 lbs. 1 LS-C. nreparod bv Hamilton Stmidard. 


2. To de monstrate imiT roved HS-C material for use on s huttle for 
desicc ant and CO 2 control , in a full scale test . 


3. The c onditioned ai r to the canis ter is run in a cl ose d loop, i.c. air 

from the canister is reconditioned an d be comes in cCTiing air by 

the add i t ion o f water CO 21 The CO 2 a dded is_ weighed and re po rted for 


each cycj^^, but this is not possible with the wat^r bec ause t he w ater is 


stored within the r^ij and cannot be easily mea s ured . 


Ai r rmist be added to the loo p once each cycl e to compen sate for the 
ullage lost during desorption; this air is weighed and reported. 


JXiring the adsorption cycle the control valves will be as shown and air 
flow di rected through the t est canister. The CQ 2 partial pressure at 


the canister inlet will be maintained constant by adding CO 2 under 


closed lo op control. The CO 2 cylinder will be weighed after each cycle. 
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TEST PLAN 


Test Keqiiirenients 

A. Test EquifMeiit Requirenents 

Hamilton Stmdard test rig #88 will be used for this test program (see 
Figure 1). It will provide a stream of conditioned air to the HS-C 
material under test with automatically controlled pressure » flow rate, 
CO 2 partial pressure, dew point, and temperature. The conditioned air 
shall be maintained for the selected adsorption time yhile the canister 
is cooled by a constant temperature water c^lant. At the miration of 
this time desorption begins autcmiatically with the isolation of the test 
canister from the conditioned air and the application of a high vacuum 
to the HS-C in its canister. The water coolant is maintained, and heats 
the canister during desorption. The entire cycle is repeated until the 
results repeat, when the system is said to be in "cycle equilibrium." 

B. Reliability 

Tlie reliability of the test equipment must be such that the initial and 
final test runs are reproduced within the run tolerance (see item E 
below) . 

C. Loads 

Not applicable, 

D. Predicted Environments 
Not ^plicable. 

E. Allowable Tolerances 

Each run shall be repeatable to the "run tolerance," defined as llOl 
on CO 2 and H 2 O cajpacity . 

F. Applicable Standards 
None, 
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SCALE TESTS 
RIG 88 BLOCK DIAGRAM 


See Figure 30, Page 39 of text 
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FIGURE 1 
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IVw jxjint, pre'isurc, inlet gas temperature, bed tenperature and cycle times 
will be autCTiiatically controlled to test values by Rig 88. Desorption 
vacuum will depend on rig capacity. 


Tlie HS-C canister is to be set up on Rig 88 as shown in Figure 1. Rig 88 
will be adjusted to give the desired experimental conditions during cyclic 
operation. 

Required measurements are as follows: 



Units 

Accuracy 

Cycle Time 

Minutes 

til of Interval 

Air Flow Rate 

in H 2 O 

Reported in CFM 

tlOl of Flow 

Inlcc Temperature 

“F 

!2®F 

Inlet Pressure 

psia 

^0.2 psia 

Ib'gromcter (dew point) 

op 

!2®F 

Water Temperature 

op 

t2®F 

Inlet ai^d tXitlet OO 2 

volts 

Reported as mm Hg 

t2l of full scale 
(full scale - 5 ran) 

Weight OO 2 Added 

lbs 

t.02 lbs 

Weight Air Added 

lbs 

t.02 lbs 

Desorption Vacman 

Microns 

tSI of non-linear 
scale of Hastings 
gauge, as calibrated 
for air. 

HS-C Bed Weight, 5 lbs. 

Maximunn 


Nine runs will be made. 

with test conditions as 

follows: 


Nominal : 


Pressure 

PC02 

Tgas Inlet 


14.7 psi 
5.0 nm Hg 

70®F 
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52®F 
80 ’F 
20 cfm* 

30 minutes* 

80®F - Fjcact desorption pressure 
will depend on rig considerations 
since this variable is not under 
direct control. Target pressure 
is 20 microns. 

*Or as appropriate for the HS-C system design. 

Specific Tests: 

Run 1 Nominal conditions 

Run 2 Increased cycle time 

Run 3 Decreased cycle time 

Run 4 Decreased dew point (46 ®F) 

Run 5 Increased dew point (57®F) 

Run 6 Increased air inlet flow (3/2 nominal; or 
maximum rig capability) 

Run 7 Decreased air inlet flow (2/3 nominal) 

Run 8 Decreased Pq 32 (3 nm) 

Run 9 Nominal conditions 

bach run will be continued until a cyclic equilibrium is reached such that 
the breakthrough curves for water and CO 2 are essentially identical for two 
successive cycles. 

The sequence and numbering of these tests 2-8 may be varied to more efficiently 
utilize the test equipment and manpower. 

During each cycle of record the following variables will be measured at least 
once or preferably continuously recorded on strip charts. 

Inlet Dew Point (recorded as water coolant temperature) 

Outlet Dew Point 

Inlet Pq 02 

Outlet P(x )2 

Total Pressure 

Inlet Temperature 

Bed Coolant Temperature 

Inlet Flcm' 

Cycle Times 
Desorption Pressure 
Air Cylinder Weight 
CO 2 Cyclinder Weight 
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Standard 
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Dew Point 
Bed Temperature 
Inlet Flow 
Half-cycle Time 
Desorption Conditions 
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Cont inued 


A cycle of record will be selected by noting that the controlled variables 
have been constant for two successive cycles, and successive tracings of the 
recorder charts for outlet Pq) 2 ^ point show no trends and in general 
agree t 1/8- in on the 10- in strip chart. Past experience indicates three 
cycles are gercrally sufficient if conditions are held steady. 


The cyclic capacity for Run 9 shall be demonstrated at the end of 168 hours 
of testing as at least 2% for carbon dioxide and 41 for water vapor. 
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Desiccant Hvmidity Control 


^ROjfCT A owtw: B7 7*400-100A 

i«..wt.o« Uige Scal e HS-C 


AWN* AMPAAIO •'> 
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Ti»r miQttttM: 


p*Gf I 0» _ __ 


W. A. Blecher 


H. Kolnsbcrg 


Timc AC r 100; 


October 1971 


TO 


Noveirber 1971 


1. WHAT IS item tiING tested' 

2. «NV IS test tllNG RUN^ AHAT WILL RESULTS S<*0« OR BE UStC FO<|T 

3. OCSCRIBE TC)T set UA INClUOING INSTMOMENTAT lUM. ATTACH SAITCH OT INSTALLATION. 

4. ITCMIEt RUNS TO CC MADE GIVING LENGTH Of EACH AND READINGS TO Bf TAAEN. 


3. SAECIAl instructions safety ARECAUTIONS for OAERAToHS ANu HANIH ING COUT^afENT. 
OBSERVATIONS BY SI(»4T. TEEL. OR HEARING. I 1ST AOINTS Of OBSERVATION RHICH MIGHT 
contribute to analysis of (a) AERFOIBAANCf Of UNITS. ( O) INMAIENT TROUBLE BEFORE 
IT OCCURS, and (c) cause Of FAILURE. 

6. HOR WILL DATA BE USED OR FINALLY ARfSLNTEOT GIVE SAMPLE AlOT. CURVE. OR TABULATION 
AS IT WILL BE FINALLY PRESENTED. 

NUMBER ENT RY AS L I STEP A ^ VE AND DESC RISE BELOW 


1. 5-10 lb s. HS-C prepar ed in house. 


2. To demonstrate fe asibility of^HS-C material for use on shuttle for 
desiccant and 002 control in a full scale test. 


3. The conditioned air to the canister is run in a closed loop, i.e. air effluent 

from the canister is reconditioned and becomes incoming air by the addition of 

water and 002 * COo added is weighed and reported for each ^cle, but this 

is not possible with the water because the water is stored within the rig and 
““ cannot be easily measured. 

__ Air imLst be added to the loop once each cycle to compensate for the ullage 
lost during desorption; this air is weighed and reported. 

- During the adsorption cycle the control val'^es will be as shown and air flow 
directed through the test canister. The CO 2 partial pressure at the canister 
“ inlet will be maintained constant by adding CO 2 under closed loop control. 
The CO 2 cylinder will be weighed after each cycle. 
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Test Requirements 

A. Test Equipment Requirements 

Hamilton Standard test rig #88 will be used for this test procram (see Figure 
1). It will provide a stream of conditioned air to the HS-C materila under test 
with automatically controlled pressure, flow rate, CO 2 partial pressure, 
dew point, and temperature. The conditioned air shall be maintained for 
the selected adsorption time while the canister is cooled by a constant 
tenperature water coolant. At the expiration of this time desorption be- 
gins automatically with the isolation of the test canister from the con- 
ditioned air and the application of a high vacuum to the HS-C in its 
canister. The water coolant is maintained, and heats the canister during 
desorption. Tlie entire cycle is repeated until the results repeat, when 
the system is said to be in ’’cyclic equilibrium". 

B. Reliability 

The reli^ility of the test equipient must be such that the initial and 
final test runs are reproduced within the run tolerance (see item E below). 

C. Loads 

Not applicable 

D. Predicted Environments 
Not applicable 

E. Allowable Tolerances \ 

Each run shall be repeatable to the."rvoi tolerance", defined as ^ 10% on 
CO 2 and H 2 O capacity. 

F. .^licable Standards j 

I 

None { 


\ 
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Dew point, pressure, inlet gas tenperatui'c , beti temperature and cycle times will 
he automatically controlled to test valves by lUg 88. Desorption vacuum will 
depend on rig capacity. 


y 


The HS-C canister is to be set up on Rig 88 as shown in Figure 1, Rig 88 will 
be adjustc-d to give the desired experimental conditions during cyclic operation. 


Required measurements are as 

follows: 



Units 

Accuracy 

Cycle Time 

Minutes 

♦ l\ of Interval 

Air Flow Rate 

in H 2 O 

Reported in CFM 

♦ 101 of Flow 

Inlet Temperature 

op 

♦ 2®F 

Inlet Pressure 

psia 

^0.2 psia 

Hygrometer (dew point) 

*F 

^ 2®F 

Water Tenperature 

*F 

♦ 2®F 

Inlet and CXitlet OO 2 

VOitb 

Reported as mm Hg 

* 2% of full scale 
Xfull scale ■ 5 nm) 

Weight CO 2 Added 

lbs 

♦ .02 lbs 

Wei^t Air Added 

lbs 

.02 lbs 

Desorption Vacuim 

Microns 

+ S% of non-linear 
scale of Hastings 
gauge, as calibrated 
for air. 

HS-C Bed Weight, 10 lbs Maxiirun 



Fifteen runs will be made, with test conditions as follows: 
Nominal : 


Pressure 

Tgas Inlet 
PO2 

Dew Point 
Bed Temperature 


14.7 psia 

3.0 mn 
70® F 

3.1 psia (atmospheric air) 
52*F 

80®F 
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Inlet Flow 50 cfin* 

Half -cycle Tiine 30 minutes* 

Desorpticwi Conditions 80°F - Faact desorption pressure 

will depend on rig considerations 
since this variable is not under 
direct control. Target pressure 
is 50 microns. 


Hai'nilton U 
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Standard 


*Or as approi>riate for the HS-C system design 


%>ecific Tests; 

Run 1 
Run 2 
Run 3 
Run 4 
Run 5 
Run 6 
Run 7 
Run 8 
Run 9 
Run 10 

Run 11 
Run 12 
Run 13 
Run 14 


Run 15 


Nominal conditions 

Increased air inlet tanperature (75®F) 
Decreased air inlet temperature (65®) 
Decreased dew point (46 °F) 

Increased dew point (57®) 

Increased bed temperature (90®F) 

Decreased bed temperature (70®F) 

Increased PC02 (5/5 nominal) 

Decreased PCO 2 U/2 nominal) 

Increased air inlet flow (3/2 nominal; or 
maximun rig capability) 

Decreased air inlet flow (2/3 nominal) 
Increased cycle time (3/2 nominal) 
Decreased cycle time (2/3 nominal) 
Increased desorption pressure. Exact 
pressure will depend on rig considerations 
since this variable is not under direct 
control. Target pressure is 100 microns. 
Nominal conditions 


Each run will be continued until a cyclic equilibriim is reached such that the 
breakthrough curves for water and CO 2 are essentially identical for two 
successive cycles. 


The sequence and numbering of these tests 2-14 may be varied to more efficiently 
utilize the test equipment and manpower. 


During each cycle of record the^ following variables will be measured at least 
once or preferably continuously ' recorded on strip charts. 

Inlet Dew Point (record^ as water coolant temperature) 

Outlet Dew Point 
Inlet Pco2 \ 

Outlet P(X)2 * 

Total Pressure \ 

Inlet Temperature \ 

Bed Coolant Temperature \ 

Inlet Flow ^ 

Cycle Times ) 

Desorption Pressure ] ; 

Air Cylinder Weight 

CO 2 Cylinder Weight I • 
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A O'cle of record will be selected by noting l^at the controlled variables 
have been constant for two successive cycles,' and successive tracings of the 
recorder charts for outlet Pc 02 and dew point) show no trends and in general 
agree ^ 1/8- in on the 10- in strip chart. Pa^t experience indicates three 
cycles are generally sufficient if conditioni are held steady. 


At the end of Run 1 or 15 the circulating aijrstreain will be sain)led and analyzed 
for the toxicants listed in paragraph 3.4.4 of the SOW. 
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